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Abstract 

An analogue of carbene, singlet silylene (H3P=N)2Si was paired with the 

mono-substitution phosphines XH2Y (X = P, As, and Sb; Y = F, Cl, Br, and I) to form 

unconventional pnicogen-bonded complexes. All structures have Cs symmetry except 

the Sb complex, showing a deviation from this symmetry due to the coexistence of 

H···H interaction. The P and As complexes have different geometries from 

conventional pnicogen-bonded ones because the Y−X···Si line has a big deviation 

from the molecular plane composed of two N atoms and one Si atom of (H3P=N)2Si. 

This deviation can be attributed to a new formation mechanism of pnicogen bond with 

a combinative result of the LPSi→BD*X-Y and LPX→LP*Si orbital interactions. 

Generally, the pnicogen bond becomes stronger in the order of F < Cl < Br < I and 

weaker in the order of P > As > Sb, exhibiting an unexpected substitution effect and 

dependence on the nature of pnicogen atom. These orders are inconsistent with the 

MEP on the X atom but can be better explained with the above orbital interactions. 

The Si···X interaction displays a character of covalent or partially covalent interaction, 

evidenced by the big interaction energy of -59.9 ~ -105.4 kJ/mol as well as the 

negative energy density and the great charge transfer. 

Keywords: Silylene; Pnicogen bond; Orbital interactions 
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1. Introduction 

Since pnicogen bonding was proposed as a new molecular linker in crystal 

materials by Hey-Hawkins et al,1 theoretical investigations on pnicogen bonds have 

greatly increased, particularly for P···P and P···N interactions.2-16 Of course, 

experimental studies with such interactions have been performed for many years, 

which has been pointed out by Politzer et al17 and surveyed in the Cambridge 

Crystallographic Database.18 Among all the reported pnicogen bonds, the most 

discussed one is P···N pnicogen bond, with the lone pair on the N atom of NH3 

directly interacting with the sp3 hybridized P atom.5,7,9-16 For H3P···NH3 heterodimer, 

one of the three H atoms in both molecules locates almost oppositely along the P···N 

axis, with an interaction energy of -8.6 kJ/mol.13 As this H atom in H3P is replaced by 

an electron-withdrawing group, the P···N distance is decreased, accompanied with the 

increase of interaction energy, whereas the electron-donating methyl group slightly 

weakens this interaction.19 However, the di- and tri-halogenated PH3 causes the P···N 

interaction weakened with respect to the mono-halogenated one,20 being reverse to 

that in hydrogen bonds, where each additional halogen atom progressively strengthens 

the interaction.21 

Actually, the interactions between positive σ-holes on Group V atoms and 

negative sites were shown earlier by Murray and Politzer with computational 

methods.22-24 Molecular electrostatic potential (MEP) analysis shows that there is a 

region of positive MEP (σ-hole) near the P atom, thus the electrostatic interaction 

between the positively charged σ−hole on the sp3 hybridized pnicogen atom and the 
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electron donor is responsible for the stability of pnicogen-bonded complexes.19 On the 

other hand, Scheiner ascribed its origin to the charge transfer from the N lone pair into 

the σ* antibonding orbital of a P–X bond.13 Based on the electrostatic model of 

pnicogen bond, it is expected that the heavier pnicogen atoms such as As and Sb 

would form a stronger pnicogen bond.25 In addition, NO2X (X = F, Cl, CN, and 

NO2)
26 and PO2X (X = F, Cl, and Br)27 can provide a π-hole to participate in pnicogen 

bonds. In the above pnicogen bonds, the electron donors are the lone pairs from PH3, 

H2CO, H2CS, H2O, and H2S.28 Actually, other types of electron donors including 

π-electrons, 25, 29-31 metal hydrides,32 radicals,33 and anions34 have also been used in 

pnicogen bonds. However, to our knowledge, little study is performed for pnicogen 

bonds involving carbenes.  

Carbene is a highly reactive species with short lifetime and it has been 

demonstrated that carbene can act as the electron donor in hydrogen bonds,35,36 

halogen bonds37-39 lithium bonds,40 and chalcogen bonds.41 Due to the presence of the 

lone pair, singlet carbene has often been used in studying the above noncovalent 

interactions. Silylene is considered to be a heavier analogue of carbene, thus in this 

paper, we are interested in the pnicogen bonds with silylene as the electron donor. To 

confirm its existence with experimental methods in the future, we selected a stable 

singlet silylene, (H3P=N)2Si, to interact with mono-substituted phosphines XH2Y (X = 

P, As, and Sb; Y = F, Cl, Br, and I). DFT calculations have shown that the derivatives 

of (H3P=N)2Si are powerful neutral superbases in the gas phase and in the solvent 

phase,42 thus we expect that a strong pnicogen bond would be formed with 
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(H3P=N)2Si. Then the big strength would bring out a prominent change in geometry 

and nature. Its mechanism has been unveiled by means of MEP and orbital 

interactions.  

2. Computational methods 

The geometries of 1···XH2Y (1 is (H3P=N)2Si) complexes were optimized at the 

MP2 level of theory with the basis set aug-cc-pVTZ for all atoms except Sb and I. For 

both atoms, the basis set aug-cc-pVTZ-PP was adopted to account for relativistic 

effects. The frequency calculations were also carried out to verify that the optimized 

structures correspond to the stationary points on potential energy surfaces. No 

imaginary frequencies were found for all complexes. Interaction energy was corrected 

for the basis set superposition error (BSSE) with the counterpoise method by Boys 

and Bernardi43 and deformation energy (DE). All calculations were performed with 

the use of the Gaussian 09 set of codes.44 

Molecular electrostatic potentials (MEPs) at the 0.001 electrons Bohr3 isodensity 

surfaces were calculated with the Wave Function Analysis-Surface Analysis Suite 

(WFA-SAS) program45 at the MP2/aug-cc-pVTZ level. Natural bond orbital (NBO) 

analyses were performed at the HF/aug-cc-pVTZ level with the NBO 3.1 version46 

implemented in Gaussian 09 to obtain the charge on atoms and the occupancies in 

orbitals. The wavefunctions at the MP2/aug-cc-pVTZ level were used to obtain 

topological properties, electron localization function (ELF), and electron density 

difference (EDD) maps. Atoms in molecules (AIM) analyses were performed with 

AIM2000 program.47 The maps of ELF and EDD were plotted with Multiwfn 3.01 
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suite of program.48 The interaction energy was decomposed at the GGA:BLYP/TZP 

(small core) level using ADF2008.1 program.49 

3. Results and discussion 

3.1. Structure characteristics 

It has been demonstrated that MEP maps are very useful for predicting the 

possible interaction sites between two molecules.50 Thus the MEP maps of singlet 

silylene (H3P=N)2Si (1) and XH2Y (X = P, As, Sb, Y = F, Cl, Br, I) are plotted in Fig. 

1 to determine the interaction mode of 1 with XH2Y. Clearly, there is a region of 

negative MEP (blue) on the X atomic surface, corresponding to the lone pair on the X 

atom of XH2Y. Meanwhile, an area of positive MEP (red, σ-hole) is observed at the 

outer side of the X atom along the X−Y bond. As a result, the X atom of XH2Y plays 

a dual role of Lewis acid and base simultaneously, which has been evidenced in 

homotrimers (PH3)3
51 and (PH2X)3 with X = F, Cl, OH, NC, CN, CH3, H, and BH2

52 

as well as heterotrimers LA···FH2P···FH2N and LA···H3P···NH3 (LA = BH3, NCH, 

ClH, FH, FCl, and HLi).53 The lone pair on the Si atom of 1 is characterized by the 

blue region near the Si atom in Fig. 1 and its shape can be clearly seen in the 

isosurface map of ELF (Fig. 1).  

Initially, we tried to pair the σ-hole of mono-halogen substituted XH2Y with the 

lone pair on the Si atom of 1. The corresponding optimized structures are illustrated in 

Fig. 2. It is found that both 1···PH2Y and 1···AsH2Y have a similar structure of Cs 

symmetry along the Si···X−Y axis with the two H atoms of XH2Y located at the two 

sides of this axis, while 1···SbH2Y structure deviates from such symmetry with one H 
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atom of SbH2Y close to one H atom of PH3 in 1. This means that there is a weak 

attractive interaction between both types of H atoms in 1···SbH2Y. To validate this 

deduction, we calculated the electrostatic charge (MK) on both types of H atoms. It is 

found that the MK charge on the H atom of SbH2Y is negative but that on the H atom 

of PH3 in 1 is positive. This is due to the fact that Sb shows a smaller electronegativity 

than H, while the electronegativity of P is larger than that of H. Accordingly, the 

negatively charged H atom of SbH2Y can be close to the positively charged H atom of 

PH3 in 1···SbH2Y. The H···H contact in 1···SbH2Y can also be confirmed by the H···H 

distance (Table 1), which is close to the sum of the van der Waals radii of two H 

atoms in 1···SbH2Y. However, such H···H distances are much large in 1···PH2Y and 

1···AsH2Y. In addition, the symmetry of 1···XH2Y can also be estimated with the H···H 

distances. In 1···XH2Y (X = P and As) complexes, two H···H distances almost equal, 

while both distances are clearly different in the Sb complexes.  

Fig. 3 is the side view of 1···XH2Y in Fig. 2. Obviously, the line of Y−X···Si has a 

deviation from the molecular plane composed of two N atoms and one Si atom. 

According to the MEP and ELF maps of 1, it is deduced that the σ-hole on the X atom 

of XH2Y is inclined to interact with 1 along the direction of the lone pair on the Si 

atom. How to deal with this contradiction? We fall back on the orbital interactions 

between both molecules based on the conclusion that a primary source of pnicogen 

bond has been identified as charge transfer from the N lone pair to the σ* 

anti-bonding orbital of a P−Y bond.19 It is expected that there is an orbital interaction 

of LPSi→BD*X-Y in 1···XH2Y, where LPSi is the lone pair orbital of Si and BD*X-Y 
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denotes the σ* antibonding orbital of X−Y bond. On the other hand, we think that 

another orbital interaction of LPX→LP*Si is also present in 1···XH2Y according to the 

presence of the lone pair on the X atom and the unoccupied p orbital on the Si atom. 

The sketch of both types of orbital interactions in 1···XH2Y is plotted in Fig. 4. Both 

types of orbital interactions, particularly the latter one, are jointly responsible for the 

structural deviation of 1···XH2Y. With the increase of the X atomic mass, the negative 

MEP on the X atom is reduced in magnitude and even becomes positive in SbH2Y 

(Table 2). Correspondingly, the LPX→LP*Si orbital interaction is weaker in the order 

of X = P > As > Sb. This conclusion is also confirmed by the changes in the orbital 

occupancies of the LPX→LP*Si orbital interaction discussed in the section 3.2. As a 

result, the biggest deviation in 1···PH2Y is attributed to the strongest LPP→LP*Si 

orbital interaction, while the structure of 1···SbH2Y is similar to that in conventional 

pnicogen bonds.13  

The distances of Si···P, Si···As, and Si···Sb are 2.356-2.439 Å, 2.516-2.661 Å, and 

2.827-2.902 Å, respectively. All of them are smaller than the sum of the van der Waals 

radii of the respective atoms (4.51 Å for Si and P, 4.65 Å for Si and As, 4.81 Å for Si 

and Sb).54 For the complexes with the same X atom, the Si···X distance is shorter with 

the increase of the Y atomic mass, indicative of a stronger Si···X interaction. As 

expected, the Si···X distance is longer with the increase of the X atomic mass. 

However, this change is not used to estimate the change of Si···X interaction strength 

due to the different X nature. In a previous study, Lommerse et al55 suggested a ratio 

of λ = RSi···X/(rSi+rX) to measure the interaction strength, where rSi and rX are the van 
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der Waals radii of Si and X atoms, respectively. This ratio is less than 1 in 1···XH2Y, 

confirming the presence of Si···X interaction. Furthermore, the smaller λ corresponds 

to the stronger Si···X interaction. When X is fixed and Y is varied, this ratio is smaller 

with the increase of the Y atomic mass, consistent with the shortening of the Si···X 

distance. However, the larger ratio is found for the Si···X interaction with the same Y 

atom when the X atomic mass is increased. This indicates that the Si···X interaction 

with the different X and the same Y is weaker for the heavier X atom.  

Upon the formation of Si···X interaction, the X−Y bond is elongated in all 

complexes. Furthermore, its elongation is increased in the order of Y = F < Cl < Br < I 

when X is hold but is decreased in the order of X = P > As > Sb in most complexes 

except the 1···XH2F complex. In 1···XH2F, the elongation of X−Y bond is irregular 

with the variation of X atom.  

Accompanied with the elongation of X−Y bond, the bond stretch vibration 

displays a red shift. The magnitude of the X−Y stretch shift is consistent with the 

amount of the X−Y bond elongation in some cases, while such consistence is not 

found in other cases. The main reason is that the X−Y stretch vibration is involved 

with the different X and Y atoms in all complexes. The elongation of X−Y bond and 

the respective red shift are mainly attributed to the charge transfer from the lone pair 

on the Si atom to the antibonding orbital of X−Y bond.  

3.2. Interaction energies 

Interaction energies were calculated with supermolecular method and corrected 

for BSSE and deformation energy (DE). When the interaction energy is corrected for 
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only BSSE, it is represented as ∆E1. When both BSSE and DE corrections are 

considered in the interaction energy, it is expressed as ∆E2. The values of ∆E1 and ∆E2 

are collected in Table 3. Obviously, ∆E2 is more negative than ∆E1, and their 

difference grows up in the order of F < Cl < Br < I but is decreased in the order of P > 

As > Sb. Consequently, the largest difference is -44.1 kJ/mol in 1···PH2I, while the 

smallest one is -10.8 kJ/mol in 1···SbH2F. Clearly, the influence of DE on the 

interaction energy is so prominent that it is necessary to correct the interaction energy 

with BSSE and DE simultaneously.  

Fig. 5 shows the relationship of the interaction energy with the Si···X distance. A 

good linear relationship is present between the interaction energy and the Si···X 

distance in the P complexes. Such correlation is also found in the As and Sb 

complexes except 1···AsH2I and 1···SbH2I. The Si···X interactions exhibit relatively 

high interaction energies of -59.9 ~ -105.4 kJ/mol and considerably lengthened X–Y 

distances with the most value of 0.285 Å. These results are similar to those in halogen 

bonds between F–Cl and CN–R molecules.56 Politzer and Murray ascribed these 

anomalous features to the strong polarization of the CN–R carbon by the electric field 

of the positive σ-hole of the F–Cl chlorine, resulting in some degree of dative sharing 

of electrons by the carbons.56 

In general, the interaction energy of the same Si···X interaction becomes more 

negative in the order of F < Cl < Br < I. This order was also observed in 

pnicogen-bonded complexes involving radicals.33 With the increase of the Y atomic 

number, the increasing sequence of the interaction energy is reverse to the most 
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positive MEP on the X atom, which becomes smaller (Table 2). The greater 

electronegativity of the halogen atom results in the more positive MEP on the X atom. 

Unfortunately, the related explanation for this contradiction was not given in the 

previous studies.33 We should keep in mind that the good relation between the 

electrostatic potentials and interaction strengths that are followed for noncovalent 

interactions may not be observed for the strengths of covalent interactions. Based on 

the above results, we think that the electrostatic interaction is not a sole decisive 

factor for stabilizing the Si···X interaction.  

In the discussion of the geometries, we have successfully applied both types of 

orbital interactions to explain the structural difference between the different X 

complexes. Thus we try to unify the contradiction between the interaction energy and 

the more positive MEP on the X atom by means of both orbital interactions. Unluckily, 

the second-order perturbation energies due to both types of orbital interactions are not 

found for these complexes in the NBO calculations due to the formation of Si-X bond. 

However, it is known that these orbital interactions may lead to the changes of the 

occupancies in the corresponding orbitals. So the changes of the occupancies in the 

corresponding orbitals of LPSi→BD*X-Y and LPX→LP*Si orbital interactions in the 

complexes are given in Table 4. It is expected that the occupancies in LPSi and LPX 

orbitals are decreased due to their nature of the electron donor orbitals in the orbital 

interactions, while those in BD*X-Y and LP*Si orbitals are increased because of their 

nature of the electron acceptor orbitals in the orbital interactions. Moreover, the 

stronger orbital interactions result in the more changes of the occupancies in the 
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orbitals. It is found that the changes of the occupancies in LPSi and BD*X-Y orbitals 

are much larger than those in LPX and LP*Si orbitals. Thus the LPSi→BD*X-Y orbital 

interaction is stronger than the LPX→LP*Si one in the Si···X interaction. With the 

increase of the Y atomic mass in the same Si···X interaction, the occupancies in these 

orbitals all have an increase in magnitude. Such change is consistent with the increase 

of the interaction energy of the same Si···X interaction, indicating that the orbital 

interactions play an important role in the formation of the Si···X interaction.  

On the other hand, the interaction energy of the different Si···X interaction is less 

negative in the order of P > As > Sb for the same halogen substitution except the F 

one. Similarly, this order is also reverse to the change of the most positive MEP on the 

X atom, exhibiting the increasing tendency with the same order. However, the 

occupancies in the orbitals of both LPSi→BD*X-Y and LPX→LP*Si orbital interactions 

are decreased with the increase of the X atomic mass. It is also found from Table 4 

that the changes of the occupancies in the LPSi and BD*X-Y orbitals of the 

LPSi→BD*X-Y orbital interaction have a larger dependence on the Y atom than on the 

X atom. Of course, the electrostatic contribution is also very important. This can be 

supported by the results of energy decomposition in Table 5. The interaction energy is 

decomposed into three terms of electrostatic energy (ES), Pauli repulsion (PR), and 

orbital interaction (OI). Obviously, the ES contribution is larger than OI one. Of 

course, both terms are comparable in most complexes, particularly in 1···PH2Y. 

Furthermore, the ratio of OI/ES is increased with the increase of the Y atomic mass 

but is decreased with the increase of the X atomic mass. The former is consistent with 

Page 12 of 31Physical 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



13 

 

the change of the occupancy, while the latter is inconsistent with the change of the 

occupancy. Importantly, the decrease of this ratio with the increase of the X atomic 

mass is more prominent than its increase with the increase of the Y atomic mass. That 

is, the electrostatic interaction has major responsibility for the enhancement of Si···X 

interaction for the larger X complex.  

3.3 AIM and charge transfer analyses 

The existence of the X···Si interaction in 1···XH2Y and the H···H interaction in 

1···SbH2Y can be characterized with the presence of X···Si and H···H bond critical 

points (BCPs) in Fig. 6. Simultaneously, a ring critical point is found in 1···SbH2Y, 

corresponding to the cyclic structure. The electron density (ρ), Laplacian (∇2ρ), and 

energy density (H) at the respective BCPs are given in Table 6. The electron density at 

the same Si···X BCP increases as the halogen substituent varies from F to I, with the 

same trend to the change of the interaction energy. It was acknowledged that the sign 

of ∇2
ρ and H is a useful indicator of interaction types.57 The negative ∇2

ρ and H at 

the Si···P and Si···As BCPs show that the Si···P and Si···As interactions are covalent in 

nature, whereas the positive ∇
2
ρ and negative H at the Si···Sb BCP indicate the 

partially covalent character of Si···Sb interaction in the Sb complexes. Grabowski 

presented a review on the covalency of hydrogen bonding and discussed it mainly 

based on the topological parameters.58 Clearly, his statements on hydrogen bonding 

are in force for the Si···X interactions. The positive ∇
2
ρ and H at the H···H BCP 

correspond to a weak interaction mainly driven by electrostatic interaction with the 

small electron density. Furthermore, the H···H interaction in 1···SbH2Y is independent 
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of the nature of the Y atom because the electron density at the H···H BCP is almost 

equal in the different 1···SbH2Y.  

The analyses of orbital interactions and AIM indicate the nature of covalent or 

partially covalent interaction for the Si···X pnicogen bond. This feature is 

accompanied with the large charge transfer, which can be estimated with the sum of 

charge on all atoms of XH2Y (qXH2Y). The total charge of XH2Y in the monomer is 0, 

so qXH2Y in the complex can be treated as the net charge transfer between the two 

molecules. One can see from Table 4 that the amount of qXH2Y is negative, confirming 

the role of the electron acceptor for XH2Y in the Si···X pnicogen bond. This charge 

transfer increases successively as the Y atom varies in the sequence of F → Cl → Br 

→ I, also supporting the change of the interaction energy. Comparing with the 

different pnicogen donor, the amount of qXH2Y is reduced for the heavier X atom in the 

1···XH2Y (Y = Cl, Br, and I) complexes except 1···XH2F. We also focus on the change 

of charge (∆qSi) on the Si atom in the complexes. The magnitude of ∆qSi is positive, 

confirming the conclusion that the LPSi→BD*X-Y orbital interaction is stronger than 

the LPX→LP*Si one. Generally, the change of ∆qSi is similar to that of qXH2Y.  

Both LPSi→BD*X-Y and LPX→LP*Si orbital interactions cause an electronic 

rearrangement that occurs upon the formation of each complex, but there are also 

internal rearrangements within each monomer. The electron density shifts in 1···PH2Cl, 

1···AsH2Cl, and 1···SbH2Cl are shown in Fig. 7, where red regions represent charge 

buildup and depletion of density is indicated by blue. These maps were generated by 

comparing the electron density in the complex with the sum of the electron densities 
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of the isolated subsystems frozen in the optimized structure of the complex. There is a 

similar pattern in all of these dimers. A red increase occurs on the lone pair of the Si 

atom, in concert with a larger area of charge loss immediately to the σ-hole of X atom. 

Both changes are like those in conventional pnicogen bonds.19 A similar charge loss 

simultaneously is observed on the unoccupied p orbital on the Si atom. There is a 

general reduction of the magnitudes as X varies from P to Sb.  

4. Conclusions 

Pnicogen-bonded complexes 1···XH2Y (1 = (H3P=N)2Si; X = P, As, and Sb; Y = F, 

Cl, Br, and I) have been investigated at the MP2/aug-cc-pVTZ level. The results 

showed that singlet silylene (H3P=N)2Si can act as the electron donor to interact with 

the σ-hole of XH2Y. The H···H interaction was also found in 1···SbH2Y and it made 

this complex losing Cs symmetry. The structure of 1···XH2Y was controlled mainly by 

two orbital interactions of LPSi→BD*X-Y and LPX→LP*Si. The Si···X interaction is 

very strong with the big interaction energy ranging from -59.9 to -105.4 kJ/mol and 

exhibits a nature of covalent or partially covalent bond, confirmed by the negative 

energy density and the great charge transfer. The energy decomposition indicated that 

the orbital interaction is comparable with the electrostatic interaction. The strength of 

Si···X interaction becomes greater for the larger Y atom but is weaker for the larger X 

atom, showing the reverse change with the MEP of σ-hole on the X atom. This 

contradiction has been explained with the change of the occupancies in the orbitals of 

LPSi→BD*X-Y and LPX→LP*Si orbital interactions and the amount of charge transfer. 

Based on the big strength and the great red shift of X-Y stretch vibration in the Si···X 
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interaction as well as the stability of (H3P=N)2Si, our study may motivate 

experimentalists to search for the title complexes by spectroscopic methods. 
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Table 1 Si···X and H···H distances (R, Å), change of X-Y bond length (∆rX-Y, Å), and 

frequency shift of X-Y stretch vibration (∆vX-Y, cm-1) in the complexes 

 RSi···X λ RH···H, l RH···H, r ∆rX-Y ∆vX-Y 

1···PH2F 2.439 0.541 2.820 2.820 0.075 -217.6 

1···PH2Cl 2.385 0.529 2.782 2.782 0.229 -273.8 

1···PH2Br 2.365 0.524 2.777 2.777 0.262 -198.0 

1···PH2I 2.356 0.522 2.793 2.793 0.285 -194.3 

1···AsH2F 2.661 0.572 2.704 2.703 0.089 -165.9 

1···AsH2Cl 2.561 0.551 2.679 2.689 0.225 -143.1 

1···AsH2Br 2.533 0.545 2.676 2.672 0.250 -137.8 

1···AsH2I 2.516 0.541 2.670 2.691 0.265 -112.4 

1···SbH2F 2.902 0.603 2.430 3.036 0.074 -112.1 

1···SbH2Cl 2.863 0.595 2.468 2.918 0.154 -107.3 

1···SbH2Br 2.843 0.591 2.465 2.904 0.177 -87.6 

1···SbH2I 2.827 0.588 2.464 2.916 0.199 -70.2 

Note: RH···H, l and RH···H, r are the distances between the H atom of PH3 in 1 and the H 

atom of XH2Y in the left and right of Fig. 2, respectively. λ = RSi···X/(rSi+rX), where rSi 

and rX are the van der Waals radii of Si and X atoms, respectively.  
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Table 2 Most positive (Vmax, au) and negative (Vmin, au) MEPs on the X atom of 

XH2Y 

 Vmax Vmin 

PH2F 0.0604 -0.0190 

PH2Cl 0.0524 -0.0147 

PH2Br 0.0487 -0.0137 

PH2I 0.0417 -0.0130 

AsH2F 0.0685 -0.0088 

AsH2Cl 0.0585 -0.0068 

AsH2Br 0.0544 -0.0062 

AsH2I 0.0467 -0.0062 

SbH2F 0.0782 0.0016 

SbH2Cl 0.0693 0.0026 

SbH2Br 0.0651 0.0028 

SbH2I 0.0579 0.0027 
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Table 3 Interaction energies corrected for BSSE (∆E, kJ/mol) in the complexes 

 ∆E1 ∆E2 

1···PH2F -46.4 -59.9 

1···PH2Cl -52.3 -92.4 

1···PH2Br -58.2 -102.3 

1···PH2I -61.3 -105.4 

1···AsH2F -48.8 -60.9 

1···AsH2Cl -52.9 -87.3 

1···AsH2Br -56.1 -93.3 

1···AsH2I -56.5 -92.5 

1···SbH2F -59.8 -70.6 

1···SbH2Cl -59.4 -78.8 

1···SbH2Br -59.8 -81.2 

1···SbH2I -58.2 -80.4 

Note: Interaction energy is calculated with the formulas of ∆E = Ecomplex – (E1 + 

EXH2Y), in which Ecomplex is the energy of optimized 1···XH2Y complex corrected for 

BSSE, E1 and EXH2Y are the energies of the corresponding optimized monomers for 

∆E1, while E1 and EXH2Y are the energies of the monomers with the geometries in the 

complexes for ∆E2.  
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Table 4 Sum of charge on all atoms of XH2Y (qXH2Y, e), change of charge on the Si 

atom (∆qSi, e), and the change of occupancy (∆n, e) in the corresponding orbitals of 

LPSi→BD*X-Y and LPX→LP*Si orbital interactions in the complexes 

 qXH2Y ∆qSi ∆n (LPSi) ∆n(BD*X-Y) ∆n(LPX) ∆n(LP*Si) 

1···PH2F -0.304 0.258 -0.510 0.397 -0.233 0.117 

1···PH2Cl -0.486 0.398 -0.667 0.641 -0.283 0.117 

1···PH2Br -0.534 0.431 -0.712 0.736 -0.320 0.123 

1···PH2I -0.557 0.444 -0.736 0.830 -0.372 0.131 

1···AsH2F -0.320 0.257 -0.471 0.318 -0.064 0.075 

1···AsH2Cl -0.468 0.372 -0.610 0.472 -0.069 0.089 

1···AsH2Br -0.504 0.397 -0.646 0.518 -0.075 0.097 

1···AsH2I -0.516 0.402 -0.662 0.552 -0.082 0.108 

1···SbH2F -0.320 0.236 -0.440 0.288 -0.030 0.055 

1···SbH2Cl -0.386 0.287 -0.501 0.358 -0.030 0.061 

1···SbH2Br -0.412 0.309 -0.526 0.370 -0.032 0.065 

1···SbH2I -0.431 0.321 -0.545 0.415 -0.036 0.071 
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Table 5 Electrostatic (ES), Pauli repulsion (PR), and orbital interaction (OI) energies 

as well as the interaction energy (Eint) in the complexes at the GGA: BLYP/TZP level. 

All are in kJ/mol 

 ES PR OI OI/ES Eint 

1···PH2F -302.1 534.1 -270.0 0.89 -38.0 

1···PH2Cl -356.5 628.3 -318.5 0.89 -46.7 

1···PH2Br -379.0 667.0 -354.1 0.93 -66.1 

1···PH2I -388.8 684.3 -363.1 0.93 -67.6 

1···AsH2F -245.0 391.9 -181.7 0.74 -34.8 

1···AsH2Cl -316.4 511.7 -246.3 0.78 -51.0 

1···AsH2Br -338.7 550.3 -266.4 0.79 -54.8 

1···AsH2I -343.2 562.1 -271.7 0.79 -52.8 

1···SbH2F -233.4 343.3 -143.8 0.62 -33.9 

1···SbH2Cl -257.3 381.4 -163.0 0.63 -38.9 

1···SbH2Br -270.6 403.6 -173.2 0.64 -40.2 

1···SbH2I -279.1 420.8 -181.7 0.65 -40.0 
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Table 6 Electron density (ρ, au), Laplacian (∇2ρ, au), energy density (H, au), kinetic 

energy density (G, au), and potential energy density (V, au) at the X···Si BCP in the 

complexes 

 ρ ∇
2ρ G V H 

1···PH2F 0.0732 -0.0554 0.0169 -0.0477 -0.0308 

1···PH2Cl 0.0811 -0.0814 0.0170 -0.0544 -0.0374 

1···PH2Br 0.0835 -0.0919 0.0171 -0.0572 -0.0401 

1···PH2I 0.0840 -0.0993 0.0172 -0.0592 -0.0420 

1···AsH2F 0.0537 -0.0026 0.0161 -0.0329 -0.0168 

1···AsH2Cl 0.0646 -0.0264 0.0170 -0.0405 -0.0236 

1···AsH2Br 0.0676 -0.0351 0.0170 -0.0427 -0.0257 

1···AsH2I 0.0692 -0.0426 0.0165 -0.0436 -0.0271 

1···SbH2F 
0.0418 

(0.0063) 
0.0181 

(0.0163) 
0.0152 

(0.0035) 
-0.0259 
(-0.0030) 

-0.0107 
(0.0006) 

1···SbH2Cl 
0.0452 

(0.0059) 
0.0131 

(0.0156) 
0.0156 

(0.0033) 
-0.0281 
(-0.0028) 

-0.0124 
(0.0006) 

1···SbH2Br 
0.0470 

(0.0060) 
0.0102 

(0.0157) 
0.0159 

(0.0034) 
-0.0292 
(-0.0028) 

-0.0133 
(0.0006) 

1···SbH2I 
0.0485 

(0.0060) 

0.0063 

(0.0157) 

0.0157 

(0.0034) 

-0.0298 

(-0.0028) 

-0.0141 

(0.0006) 

Note: Data in parentheses are from the H···H BCP in Fig. 6. 
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Figure captions 

Fig. 1 MEP and ELF maps of the monomers. Color ranges for MEPs (in au) are: red, 

greater than 0.03; yellow, between 0.03 and 0.00; green, between 0.00 and -0.01; blue, 

less than -0.01. Isosurface =  

0.85 au for ELF.  

Fig. 2 Optimized structures of 1···XH2Y (X = P, As, Sb; Y = F, Cl, Br, I).  

Fig. 3 Side view of 1···PH2Y, 1···AsH2Y, and 1···SbH2Y (Y = F, Cl, Br, I).  

Fig. 4 Orbital interactions between 1 and XH2Y. 

Fig. 5. Relationship of the interaction energy and the Si···X distance in 1···XH2Y.  

Fig. 6 Molecular graphs of 1···XH2Y (X = P, As, and Sb; Y = F, Cl, Br, and I). Small 

red pointes are BCPs and yellow one is RCP. 

Fig. 7 Electron density difference maps of 1···PH2Cl, 1···AsH2Cl, and 1···SbH2Cl. Red 

regions represent the increase of electron density and blue regions represent the 

decrease of electron density. Contours are shown at the 0.002 au level.  
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Fig. 1 
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Fig. 2 

   

1···PH2F 1···AsH2F 1···SbH2F 
 

   

1···PH2Cl 1···AsH2Cl 1···SbH2Cl 
 

   
1···PH2Br 1···AsH2Br 1···SbH2Br 

 

  
 

1···PH2I 1···AsH2I 1···SbH2I 
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Fig. 3 

 

 

 

Fig. 4 

 

Fig. 5 
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Fig. 6 

 

 

 

Fig. 7 
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TOC 

 

A new pnicogen bonding involving silylene was proposed and characterized, 

exhibiting unexpected substituent effect and dependence on the pnicogen atom.  
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