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THEORETICAL STUDY OF PENTAVALENT HALOSILICONATES:  

STRUCTURE AND CHARGE DELOCALIZATION 

M. Aichi
1,2
, M. Hafied

3*, and A. Dibi4 

This study is performed to detect the pentavalent silicon center in the structure of pentavalent-halosiliconate 

R–O–Si(CH3)3X
– and halotrimethylsilyloxyfurane structures (X–TMSOF), (X = F–; Cl–; Br–) and (R = CH3–; 

CH2–CH3; –CH(CH3)2; –CH=CH2; C6H5–). DFT calculations at the B3LYP/6-31G(d) level are caried out to 

understand their structures and charge delocalization. These intermediates are obtained by attacking the 

silicon center in trimethyl-alkoxysilanes and trimethyl-silyloxyfurane with halogen ions X–. The results 

obtained show that the attack by F– generates more stable structures because of the Si–F bond strong. In the 

case of Br– and Cl–, the structure of intermediates appears as an interaction between the ions and the silicon 

center. NBO analysis shows that one of F– lone pairs takes part in the Si–F bond formation. However, the 

lone pairs of Br– and Cl– do not contribute to generate a real bonding. 

DOI: 10.1134/S0022476621060020 
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INTRODUCTION 

Alkoxysilanes are an important kind of organosilicon compounds [1]. Zhang et al. have well studied 

tetracoordinated silicon compounds and electronic structures of organosilanes in the gas phase and solution [2]. Previously, 

many studies have been performed on the chemistry of silicon fluorine and chlorine and permitted the investigation of several 

structures [3, 4]. 

The hypercoordinated or hypervalent silicon compounds are a class of stable inorganic species such as 2

6
SiF

− [5-7]. It 

has been of great interest for both experimental [8, 9] and theoretical [10-12] studies. In addition, most organosilicon 

compounds are generally easy to handle and store for other purposes. They are thermally stable and low toxic [13, 14]. These 

characteristics make the organosilicon compounds a good choice for diverse organic synthesis methodologies [15, 16] and 

because of the silicon affinity for electronegative atoms [17, 18]. Desilylation produced via the halogen addition [19] can give 

halosiliconate intermediate structures (Fig. 1) obtained by introducing fluoride, chloride, and bromide ions into the silicon 

center of trimethylalkoxysilanes R–O–Si(CH3)3 and trimethylsilyloxyfurane. 
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Fig. 1. Structure of 
halosiliconates (R = Me, 
Et, ipr, vinyl, aryl, and 
X = F–, Cl–, Br–). 

 

Because of the difficult or even impossible experimental isolation and characterization of these intermediates, this 

work is based on the theoretical study that allows the investigation of their structures for the following great goals: 

– these structures can be used in fundamental studies of hypervalency [20, 21] as well as in numerous theoretical 

[22, 23] and experimental studies [24, 25]. 

– the effect of substitutions on pentavalent siliconate are not well known [26]. 

Furthermore, we mainly focused on the geometry optimization at the B3LYP/6-31G(d) level of calculations as  

a starting point to investigate the most stable structure and estimate many properties of the intermediate systems. The 

optimized geometries of halosiliconates studied adopt the bipyramidal trigonal shape in the (axial-axial) position for the 

halogen (X) and the alkoxy group (O–R). Moreover, the NBO analysis allowed us to describe the electron density 

delocalization in n- (LP), σ-, and π-donors to explain their ability of Si–X formations [27]. Charge delocalization of these 

intermediates and 29Si chemical shifts can characterize the type of the silicon center. 

RESULTS AND DISCUSSION 

The following section describes the calculation results for pentavalent halosiliconates R–O–Si(CH3)3X
–. 

Halotrimethylsilyloxyfuranes (X–TMSOF) are presented in the next secion. All optimized structures are minima on the 

potential energy surface (number of imaginary frequencies = 0). 

Computational chemistry. The calculations were carried out by means of the DFT theory at the B3LYP/6-31G(d) 

level [28]. The geometry of all structures has been fully optimized, and the vibrational frequencies were calculated at the 

same level to characterize stationary points as minima (number of imaginary frequencies = 0). The charge delocalization was 

analysed by NBO theory [29]. The 29Si NMR chemical shifts referenced to TMS were calculated by the gauge including 

atomic orbital (GIAO-DFT/B3LYP/6-31G(d)) method [30]. The Gaussian 09 software was used for all calculations [31]. 

Structure of halosiliconates R–O–Si(CH3)3X
–
. The geometry optimization calculations of halosiliconates provide 

some results presented in Table 1. Interestingly, we have found that the R–O–Si(CH3)3F
– structure is more stable in the case 

of R = –CH(CH3)2 where the silicon center adopts fluorine because of its small size, creating a strong Si–F bond. The 

HOMO–LUMO gaps of the R–O–Si(CH3)3X
– halosiliconate structures are listed in Table 1. The Et–O–Si(CH3)3F

– structure 

presents the highest value ΔEHOMO–LUMO = 0.57884 eV. The R–O–Si(CH3)3Cl
– structures exhibit approximate values for 

several groups R. However, for R = -aryl in R–O–Si(CH3)3Br
–, the structure shows a smaller gap. 

In the case of X = Cl– and X = Br–, the structures reveal a non-bonded interaction between X and R–O–Si(CH3)3; the 

halogen atom moves away with Si–X distances listed in Table 2. Furthermore, Si–O is a nearly double bond; the values are 

given as 1.70 Å, 1.71 Å, 1.73 Å, and 1.74 Å. The Si–X bond shows a convergent value (Table 2). Cl– and Br– are labeled with 

the large negative natural charge values: –0.941 and –0.925 respectively. 

NBO analysis. The NBO analysis is a theory for studying hybridization and covalency effects of polyatomic wave 

functions. It provides the electron density distribution on atoms and bonds and offers the most natural Lewis structure 

[32, 33]. More precisely, NBOs formed are sets of orthonormal orbitals located at “maximum occupancy”. All settings of 

these NBOs (polarization coefficients, hybrid atomic compositions, etc.) are mathematically chosen to describe the total 

density of n electrons [34]. 
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TABLE 1. Total Energy, Minimum and Stretching Frequencies, ΔEHOMO–LUMO Gaps, Dipole Moments and Symmetry  
of R–O–Si(CH3)3X

– 

R–O–Si(CH3)3X
 R E, a.u. 

νstreching 
Si–X bond, cm–1 

νmin, cm
–1 

Dipole, 
Debye 

Symmetry ΔEHOMO–LUMO, eV 

        

X = F– Me 

Et 

Aryl 

Vinyl 

Ipr 

–624.317 

–660.794 

–816.082 

–662.424 

–702.956 

636.18 

640.66 

723.89 

654.72 

637.65 

83 

91 

38 

58 

55 

1.34 

3.19 

1.92 

0.73 

3.53 

C1 

C1 

C1 

C1 

C1 

0.28868 

0.57884 

0.19262 

0.24410 

0.27396 

X = Cl– Me 

Et 

Aryl 

Vinyl 

Ipr 

–984.708 

–1024.028 

–1176.452 

–1022.801 

–1063.345 

88.28 

86.08 

74.39 

90.55 

86.30 

56 

31 

52 

13 

18 

11.33 

13.32 

15.67 

10.75 

14.48 

C1 

C1 

Cs 

C1 

C1 

0.21653 

0.21315 

0.25740 

0.17751 

0.20116 

X = Br– Me 

Et 

Aryl 

Vinyl 

Ipr 

–3096.223 

–3135.543 

–3287.977 

–3134.316 

–3174.860 

78.64 

75.08 

88.53 

74.18 

76.02 

54 

23 

13 

46 

23 

8.24 

2.39 

8.36 

7.56 

11.24 

C1 

C1 

Cs 

C1 

C1 

0.21053 

0.20714 

0.15066 

0.17127 

0.19580 
 

 

TABLE 2. Natural Charge of Si and X–, Si–X and Si–O Bonds, Si–O–R Angle 

R–O–Si–(CH3)3X 
 R Si–X, Å Si–O, Å Si–O–R, deg X– Si 

       

X = F– Me 

Et 

Aryl 

Vinyl 

Ipr 

1.75 

1.83 

1.67 

1.73 

1.74 

1.85 

1.84 

1.97 

1.95 

1.88 

176.9 

109.5 

52.0 

123.9 

126.0 

–0.718 

–0.781 

–0.662 

–0.710 

–0.715 

2.081 

2.291 

2.092 

2.071 

2.084 

X = Cl– Me 

Et 

Aryl 

Vinyl 

Ipr 

3.89 

3.88 

3.67 

3.78 

3.88 

1.71 

1.71 

1.73 

1.73 

1.71 

121.9 

122.5 

146.4 

125.4 

123.6 

–0.941 

–0.941 

–0.935 

–0.935 

–0.940 

2.034 

2.035 

2.038 

2.034 

2.036 

X = Br– Me 

Et 

Aryl 

Vinyl 

Ipr 

3.95 

2.47 

4.34 

3.84 

3.94 

1.71 

1.71 

1.70 

1.74 

1.71 

121.9 

122.5 

133.1 

124.5 

123.7 

–0.925 

–0.924 

–0.903 

–0.919 

–0.923 

2.032 

2.034 

2.026 

2.032 

2.035 
 

The NBO analysis is a very useful tool for understanding several concepts [35] such as Lewis structures, electron 

density, bond orders, hybridization, and intermolecular or intramolecular donor–acceptor interactions. 

In this study, the NBO analysis gives a very interesting information about the electronic occupancy of the mentioned 

structures. The fluoride anion in the isp–O–Si(CH3)3F
– structure indicates four lone pairs with different occupancies 

LP1 = 1.98580, LP2 = 1.96226, LP3 = 1.95618, LP4 = 1.80945. The low occupation of LP4 reveals that a part of the electron  
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TABLE 3. 
29Si Chemical Shifts δ of R–O–Si– (CH3)3X

– Structures Calculated for the TMS Reference Si(CH3)4 

R–O–Si–(CH3)3X R TMS-B3LYP/6-311+G(2d,p) GIAO, ppm TMS-HF/6-31G(d) GIAO, ppm 

    

X = F– Me 

Et 

Aryl 

Vinyl 

Ipr 

–152.1 

–184.7 

–142.7 

–143.3 

–184.6 

–29.7 

–62.3 

–20.4 

–20.9 

–26.2 

X = Cl– Me 

Et 

Aryl 

Vinyl 

Ipr 

–57.4 

–58.2 

–55.7 

–50.8 

–58.9 

+65.0 

+64.2 

+66.7 

+71.6 

+63.5 

X =Br– Me 

Et 

Aryl 

Vinyl 

Ipr 

–56.9 

–57.7 

–62.2 

–50.2 

–58.4 

+65.5 

+64.8 

+58.2 

+72.2 

+64.0 
 

density participates in the formation of the Si–F bond. In addition, CH3–O–Si(CH3)3F
– seems to be also labeled with four lone 

pairs, whereas in Et–O–Si(CH3)3F
–, we found only three lone pairs. Furthermore, the Si–O distance increases in the following 

order of substituents: Et (1.84 Å) < CH3 (1.85 Å) < Ipr (1.87 Å) (Table 3). 

As shown in Fig. 2b, the geometry optimization indicates that the silicon center is strongly bonded with fluoride (Si–

F=1.67 Å). This value is compared with the same bond in free fluorotrimethylsilane SiF(CH3)3 at the same level of 

calculations, whereas in the structure a, Si–F is 1.73 Å. 

These two systems a and b reveal the loss of O-vinyl and O-aryl groups with Si–O distances being 1.95 Å and 

1.97 Å, respectively. The C–O bond is nearly double (1.31 Å in a and b); the oxygen atom has a negative charge (–0.83 in  

a and –0.81 in b). 

 

 

Fig. 2. Non-bonded complexation with the loss of O-vinyl (a) and O-aryl groups (b). 
 



 

828 

The NBO analysis permits the calculation of the occupancies of main bonds and lone pairs in these systems. In the 

structure (b), the F– anion initially has four intact lone pairs. After its introduction into the silicon center, their occupancies 

are LP1 = 1.98386; LP2 = 1.96416; LP3 = 1.92970; LP4 = 1.78312. 

Both LP3 and LP4 participate notably by a charge transfer in the formation of the Si–F bond. Moreover, in the 

structure (b), the oxygen atom received a small electronic charge on behalf of the aryl ring and the Si–O bond to appear in 

three lone pairs instead of two: LP1 = 1.93970; LP2 = 1.80664; LP3 = 1.73891. 

Furthermore, in the structure (a), F– also induces desilylation by the formation of a strong Si–F bond with  

an occupancy of 1.95081. Therefore, the fluoride anion participates by one of its four lone pairs, and the silicon center loses 

the O-vinyl group. 
29
Si NMR chemical shifts of R–O–Si(CH3)3X

–
. The 29Si shifts δ as high as 115 ppm, 226 ppm, and 316 ppm have 

been observed for R3Si
+ with R = alkyl, aryl, silyl, respectively [36-39]. However, most examples of silyl cations show  

an NMR shift in the range 20-100 ppm because of the interaction of the Si center with electron density sources. For classical 

carbenium ions there is a clear difference between ionic, planar, and covalent tetrahedral species. 

It is well understood that 29Si NMR chemical shifts cannot be directly equated to charge densities. Based on this 

assumption, we have calculated 29Si NMR chemical shifts δ in ppm using the GIAO-HF/6-31G(d) method [38] and drawn 

correlations between the Si–O bond, and NMR 29Si chemical shifts δ of halosiliconate R–O–Si(CH3)3X
– systems. 

The 29Si chemical shifts δ (ppm) calculated for R–O–Si–(CH3)3X structures and the reference compound 

tetramethylsilane Si(CH3)4 (TMS) by GIAO-B3LYP/6-311+G(2d,p) and HF/6-31G(d) methods are listed in Table 3. 

In this study, fluorosilicate R–O–Si(CH3)3F
– gives 29Si chemical shifts in the range from –62.31 ppm to –20.35 ppm 

and no linearity was observed in this case. The linearity is established between the Si–O bond and 29Si NMR chemical shifts 

δ where X = Cl–, Br– (Fig. 3) and that permits us to get a relationship between these three parameters for the systems. On the 

other hand, the remaining Si–O bonds present a nearly linear correlation with 29Si NMR chemical shifts δ in the case of Me, 

Et, and ipr substituents. 

We studied halotrimethylsilyloxyfurane X–TMSOF structures (Fig. 4) where we have only changed X– and kept the 

alkoxyfurane group. The DFT calculations at the B3LYP/6-31G(d) level give some information about their structures and 

electron density charges. 
 

 

Fig. 3. Correlation between the Si–O length (Å) and 29Si NMR δ (ppm) of R–O–Si(CH3)3X (X = F, Cl, 
Br) calculated by the GIAO-HF/6-31G(d) method. 
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Fig. 4. Halotrimethylsilyloxyfurane 
X–TMSOF (X = F–, Cl–, Br–). 

 

X–TMSOF structure. After introducing X, the geometry optimization allows us to explore that in the case of 

fluoride–TMSOF. The Si–O distance appears as a weak bond with a length of 1.85 Å. However, Si–F seems to be a strong 

bond of 1.73 Å. 

This structure prefigures the formation of the tetra-coordinated silicon center (CH3)3SiF and a loss of the oxyfurane 

group. In the case of X = Cl– or Br–, the Si–O bond is 1.73 Å, however Si–X are valued to be 4.25 Å and 4.29 Å, respectively. 

In Table 4, the minimum frequency (νmin) indicates that all the X–TMSOF structures are the minima. Moreover, 

ΔEHOMO–LUMO gaps show that in the case of the F–TMSOF structure (ΔE), the gap has a greater value compared with those of 

Cl–TMSOF and Br–TMSOF, which reflects the stabilization of the HOMO due to the electronegativity of the fluorine atom. 

The stretching frequency of Si–X bonds reveals that the Si–F bond is stronger than the Si–Cl one, which is confirmed by the 

Si–F of 1.71 Å (Table 4). The Si–Br bond is abnormally long (4.29 Å) and is the weakest bond. The reaction between  

a nucleophile X (F–, Cl–) and the substrate SiH4 has been studied in [40]. The optimal lengths of silicon chlorine and silicon 

fluorine bonds are 2.1 Å and 1.6 Å, respectively. 

F–TMSOF shows a long Si–O bond (1.85 Å) which estimates a loss of the fragment Si(CH3)3F
–. However, in the 

case of Cl–TMSOF– and Br–TMSOF–, this bond is equal to 1.71 Å. Besides, the NBO charge clearly shows that the silicon 

center bears positive net charge (+2.1 for F–TMSOF and +2.02 for Cl–TMSOF and Br–TMSOF). F–, Cl– and Br– are labeled 

with a negative charge (–0.70, –0.93, and –0.90, respectively). 

Table 5 shows that the fluoride lone pair LP4 in F–TMSOF contributes to produce the Si–F bond with a 1.921 

occupancy and the Si 7.95%, F 92.05% percentage structure. However, chloride and bromide keep well their four lone pairs, 

thereafter only a very weak contribution is noted. 

The HOMO shows that the lone pair orbital is mainly located on chloride in Cl–TMSOF, weakly located on the 

fluoride atom in F–TMSOF and does not appear on bromide in Br–TMSOF. 

The LUMO of Cl–TMSOF is localized on the oxyfuran skeleton and is similar to the LUMOs of F–TMSOF and Br–

TMSOF (Fig. 5). There is much more electron density in the vicinity of the silicon atom for all the studied molecules. 

 

TABLE 4. Total Energies, the Lowest Frequencies, ΔEHOMO–LUMO Gaps, Dipole Moments and Symmetry of X–TMSOF 

X–TMSOF E, a.u. νstreching Si–X bond, cm
–1 νmin, cm

–1 Dipole, Debye Symmetry ΔEHOMO–LUMO, eV 

X = F –813.85 708.43 28.25 2.87 C1 0.2124 

X = Cl –1174.24 105.33 27.7 10.26 C1 0.1886 

X = Br –3285.75 97.47 15.98 7.85 C1 0.1805 
 

TABLE 5. Lone Pair Occupancies of Halogen, Si–X and Si–O Bonds, Si–O–C Angle, Natural Charges of Si and X in  
X–TMSOF Structures 

X–TMSOF Si–X bond, Å Si–O bond, Å Si–O–C, deg Si X– LP1 LP2 LP3 LP4 

X = F 1.71 1.85 128.7 +2.10 –0.70 1.984 1.956 1.955 – 

X = Cl 4.25 1.71 128.9 +2.02 –0.93 1.999 1.985 1.983 1.954 

X = Br 4.29 1.71 130.7 +2.02 –0.90 1.999 1.980 1.979 1.945 
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Fig. 5. HOMOs and LUMOs of X–TMSOF structures. 
 

Charge delocalization in X–TMSOF structures. The NBO analysis is used to examine all possible interactions 

between Lewis-type occupied (donor) NBOs and non-Lewis-type vacant (acceptor) orbitals. The interactions are determined 

by the second order perturbation approach [41]. This approach is used to calculate the stabilization energies of orbital 

interactions between the donor and acceptor NBOs. The stabilization energy ΔEi → j is the energy difference between the 

donor and acceptor orbitals. 

For each NBO donor (i) and NBO acceptor (j), the stabilization energy E(2) associated with the electron 

delocalization i → j is given by the following expression: 

2
,(2)

( )
,

i j

i

j i

F
E q=

ε − ε

 

where qi is the occupation of the i donor orbital, εi and εj are the energies of the orbitals (i.e. the diagonal elements of the 

Fock matrix), Fij is the non-diagonal Fock element. Table 6 lists the calculated NBO occupancies. 

In F–TMSOF, it is important to mention that the σ(Si–F) bond contained 92.05% of fluorine and 7.95% of silicon 

and was formed from the sp1.26 hybrid on fluorine (which is a mixture of 44.13% s, 55.75% p, and 0.13% d). The σ(Si–O6) 

bond is produced from the sp2.38 hybrid on oxygen (which is a mixture of 29.58% s, 70.37% p, and 0.05% d). Cl–TMSOF 

indicates that the σ(Si–O6) bond is formed from the sp1.78 hybrid on oxygen (which is a mixture of 35.93% s, 64.00% p, and 

0.08% d). The σ(Si–C10) bond is produced from the sp2.28 hybrid on carbon (which is a mixture of 30.44% s, 69.54% p, and 

0.03% d). In the Br–TMSOF structure, the σ(C1–C2) bond is obtained from the sp1.75 hybrid on C1 (which is a mixture  
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TABLE 6. Bond Distances, Occupancies, and Percentage of Hybrid Atomic Orbitals of X–TMSOF 

Structure 
Aims  
bond 

Distance, Å Occupancy % of atoms in bond Hybrid AO,% 

       
F–TMSOF C1–C2 

C2–C3 
C1–C5 
Si–C8 
Si–C9 
Si–C10 
Si–F 
Si–O6 
LP3F 
LP1O6 

σ*C1–C2 

π*C2–C3 

σ*Si–O6 

1.44 
1.36 
1.38 
1.93 
1.94 
1.98 
1.71 
1.85 
– 
– 
– 
– 
– 

1.967 
1.987 
1.985 
1.942 
1.924 
1.893 
1.946 
1.921 
1.954 
1.917 
0.010 
0.014 
0.108 

49.35C150.65C2 
50.95C249.05C3 
50.72C149.28C5 
21.52Si78.48C8 
21.42Si78.58C9 
17.53Si82.47C10 
7.95Si92.05F 
9.09Si90.91O6 

– 
– 

50.65C149.35C2 
49.05C250.95C3 
90.91Si9.09O6 

sp2.03 
sp1.90 
sp2.03 
sp2.15 
sp2.17 
sp1.14 
sp1,26 
sp2.38 
sp47.86 
sp2.03 
sp2.03 

sp1.90 
sp2.38 

s(32.96) p(67.00) d(0.04) 
s(34.41) p(65.54) d(0.04) 
s(32.96) p(66.99) d(0.05) 
s(31.78) p(68.20) d(0.02) 
s(31.53) p(68.45) d(0.02) 
s(31.87) p(68.12) d(0.01) 
s(44.13) p(55.75) d(0.13) 
s(29.58) p(70.37) d(0.05) 
s(2.05) p(97.90) d(0.06) 
s(33.03) p(66.91) d(0.06) 
s(32.96) p(67.00) d(0.04) 
s(34.41) p(65.54) d(0.04) 
s(29.58) p(70.37) d(0.05) 

Cl–TMSOF Si–C8 
Si–C9 
Si–C10 
Si–Cl 
Si–O6 
LP4Cl 
LP1O6 

σ*C1–C2 

π*C2–C3 

σ*Si–O6 

1.88 
1.86 
1.89 
4.25 
1.71 
– 
– 
– 
– 
– 

1.969 
1.969 
1.973 
– 

1.968 
1.953 
1.928 
0.010 
0.013 
0.065 

26.32 Si73.68C 
26.32Si73.68C 
24.43Si75.57C 

– 
12.85Si87.15O6 

– 
– 

50.66C149.34C2 
49.47C250.53C3 
87.15Si12.85O6 

sp2.53 
sp2.53 
sp2.28 
– 

sp1.78 
sp7.78 

sp2.52 
sp2.15 
sp1.93 
sp3.82 

s(28.30) p(71.66) d(0.04) 
s(28.30) p(71.67) d(0.04) 
s(30.44) p(69.54) d(0.03) 

– 
s(35.93) p(64.00) d(0.08) 
s(11.39) p(88.61) d(0.00) 
s(28.36) p(71.57) d(0.07) 
s(31.69) p(68.26) d(0.05) 
s(34.17) p(65.78) d(0.05) 
s(20.20) p(77.12) d(2.69) 

Br–TMSOF σC1–C2 

πC2–C3 
C1–C5 
Si–C8 
Si–C9 
Si–C10 
Si–Br 

σSi–O6 
LP4Br 
LP1O6 

σ*C1–C2 

π*C2–C3 

σ*Si–O6 

1.44 
1.36 
1.37 
1.88 
1.88 
1.89 
4.29 
1.71 
– 
– 
– 
– 
– 

1.962 
1.988 
1.985 
1.969 
1.969 
1.973 
– 

1.968 
1.945 
1.926 
0.010 
0.013 
0.065 

49.34C150.66C2 
50.55C249.45C3 
49.96C150.04C5 
26.36Si73.64C8 
26.36Si73.64C9 
24.42Si75.58C10 

– 
12.879Si87.21O 

– 
– 

50.66C149.34C2 
49.45C150.55C3 
87.21Si12.79O6 

sp2.15 

sp1.92 

sp2.11 

sp2.58 
sp2.58 
sp2.98 
– 

sp1.75 
sp7.62 
sp2.62 

sp2.15 
sp1.92 
sp1.75 

s(31.72) p(68.24) d(0.05) 
s(34.19) p(65.77) d(0.05) 
s(32.12) p(67.83) d(0.06) 
s(27.56) p(71.11) d(1.33) 
s(27.56) p(71.11) d(1.33) 
s(24.77) p(73.90) d(1.33) 

– 
s(36.29) p(63.63) d(0.07) 
s(11.60) p(88.40) d(0.00) 
s(27.64) p(72.29) d(0.07) 
s(31.72) p(68.24) d(0.05) 
s(34.19) p(65.77) d(0.05) 
s(36.29) p(63.63) d(0.07) 

 
of 31.72% s, 68.24% p, and 0.05% d atomic orbitals). In addition, σ(Si–C8) and σ(Si–C9) bonds are produced from the sp2.58 

hybrid on C8 and C9 respectively (which are a mixture of 27.56% s, 71.11% p, and 1.33% d). The σ(Si–O6) bond is obtained 

from the sp1.75 hybrid on oxygen (which is a mixture of 36.29% s, 63.63% p, and 0.07% d). 

The electron density delocalization between occupied Lewis type (bond or lone pair) NBOs and formally 

unoccupied (antibonding or Rydberg) non-Lewis NBOs corresponds to a stable donor–acceptor interaction. The perturbation 

energies of donor–acceptor interactions are presented in Table 7. 

The most significant interactions in F–TMSOF corresponding to the interaction of the furan ring are given as 

LP2O6 → π*(C1–C5) with 52.83 kcal/mol, LP2O4 → π*(C1–C5) with 29.80 kcal/mol, and π(C1–C5) → π*(C2–C3) with  
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TABLE 7. Second Order Perturbation Theory Analysis of the Fock Matrix in the NBO Basis of X–TMSOF Structures 

Structure Donor (i) Type Acceptor (j) Type E*(2)#1, Kcal/mol E(j)–E(i)#2, a.u. F(i,j)#3, a.u. 

F–TMSOF Si–C8 σ Si–O6 σ* 4.55 0.84 0.056 

   Si–C10 σ* 2.85 0.97 0.131 

   Si–F σ* 29.02 1.02 0.155 

 Si–C9 σ Si–C10 σ* 19.89 0.97 0.125 

   Si–F σ* 24.92 1.02 0.144 

 Si–C10 σ Si–O6 σ* 47.17 0.76 0.169 

   Si–C8 σ* 21.74 0.69 0.111 

   Si–C9 σ* 19.85 0.67 0.104 

   Si–F σ* 30.76 0.95 0.152 

 Si–F σ Si–O6 σ* 27.57 1.26 0.169 

   Si–C10 σ* 19.39 1.39 0.148 

   Si–C8 σ* 13.51 1.19 0.113 

   Si–C9 σ* 12.26 1.17 0.107 

 C1–C2 σ C5–O6 σ* 8.25 1.14 0.087 

 C1–C5 π C2–C3 π* 21.17 0.28 0.071 

 C2–C3 π C1–C5 π* 9.32 0.31 0.052 

 F LP1 Si–C10 σ* 6.96 1.35 0.088 

 O4 LP2 C1–C5 π* 29.80 0.35 0.094 

 O6 LP2 C1–C5 π* 52.83 0.30 0.118 

Cl–TMSOF C1–C2 σ C5–O6 σ* 10.23 1.04 0.092 

 C1–C5 π C2–C3 π* 18.06 0.29 0.067 

 O4 LP2 C1–C5 π* 28.58 0.37 0.092 

   C2–C3 π* 24.70 0.36 0.084 

 O6 LP1 C1–C5 π* 9.29 1.09 0.091 

  LP2 C1–C5 π* 32.49 0.36 0.101 

 Cl LP4 C1–H12 σ* 6.00 0.75 0.060 

   C8–H15 σ* 2.44 0.70 0.037 

   C9–H19 σ* 2.46 0.70 0.037 

Br–TMSOF C1–C2 σ C5–O6 σ* 10.21 1.04 0.092 

 C1–C5 π C2–C3 π* 18.10 0.29 0.067 

 O4 LP2 C1–C5 π* 28.59 0.37 0.092 

   C2–C3 π* 24.82 0.36 0.084 

 O6 LP1 C1–C5 π* 9.44 1.08 0.091 

   O4–C5 σ* 5.99 0.84 0.064 

  LP2 C1–C5 π* 32.87 0.36 0.101 

 Br LP4 C1–H12 σ* 5.24 0.74 0.056 

   C8–H16 σ* 3.69 0.70 0.046 

   C9–H20 σ* 3.69 0.70 0.046 
 

 

 

* Only interactions with the highest energy (strongest stabilization) are listed. 
#1 E2 means the hyperconjugative interaction energy (stabilization energy). 
#2 Energy difference between i donor and and j acceptor NBOs. 
#3 F(i,j) is the Fock matrix element between i and j NBOs. 
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21.17 kcal/mol. Around the silicon center σ(Si–C10) → σ*(Si–O6) with 47.17 kcal/mol and σ(Si–C8) → σ*(Si–F) with 

29.02 kcal/mol, σ(Si–C9) → σ*(Si–F) with 24.92 kcal/mol, and σ(Si–F) → σ*(Si–O6) with 27.57 kcal/mol. Hence, these 

findings give stronger stabilization of the structure. 

The important interactions observed in Cl–TMSOF are illustrated as π(C1–C5) → π*(C2–C3) with 18.06 kcal/mol, 

LP2O4 → π*(C1–C5) with 28.58 kcal/mol, and LP2O6 → π*(C1–C5) with 32.49 kcal/mol. Br–TMSOF is also characterized 

by the interaction π(C1–C5) → π*(C2–C3) of 18.10 kcal/mol, LP2O4 → π*(C1–C5) of 28.59 kcal/mol, and 

LP2O6 → π*(C1–C5) of 32.87 kcal/mol. 

CONCLUSIONS 

The interaction of fluoride, chloride, and bromide anions with the silicon center of trimethylalkoxysilane gives the 

penta-coordinated silicon atom only in the case of fluoride. The introduction of fluoride into the silicon center allows the 

formation of the strong Si–F bond and predicts the loss of the O-R group in all the studied structures (Si–O is at least 1.85 Å). 

In addition, both structures with chloride and bromide are characterized by non-bonded interactions that appear between the 

silicon center and added X. 

In V–OFTMS and A–OFTMS structures, the non-bonded interaction between the oxygen and silicon atoms seems to 

be a strong electrostatic attraction that leads to an extraordinary non-bonded interaction. 

The existence of the oxyfurane group in all X–TMSOF structures induces a high electron density in the vicinity of 

the silicon center. Furthermore, in HOMOs, the highest electron density appears on the lone pair of the chloride ion. The 

NBO analysis has provided the detailed insight into the type of hybridization and the nature of bonding in X–TMSOF 

structures. The maximum occupancy values for most interacting NBOs of X–TMSOF structures are mainly controlled by the 

p character of the hybrid orbitals. 
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