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Notations used in conceptual DFT 

 

N    number of electrons 

Nα and Nβ   number of α and β spin electrons 

Ns    spin number  

v(r)   external potential 

µ   Lagrangian multiplier, electronic chemical potential 

χ   electronegativity 

η   hardness 

f(r)   (electronic) Fukui function 

χ(r,r’)   linear response function 

I   ionization energy 

A   electron affinity 

ε   orbital energy 

HOMO  highest occupied molecular orbital 

LUMO   lowest unoccupied molecular orbital 

S   softness 

s(r)   local softness 

HSAB   Hard-Soft Acid-Base principle 

ω    electrophilicity 

ω+    local electrophilicity 

ρ(r)    electron density  

ρα(r) and ρβ(r) electron densities of α and β spin electrons  

ρs(r)    spin density 

B   magnetic flux density 
+
sµ  and −

sµ  spin potentials in the direction of increasing/decreasing spin 

number  

ηss   spin hardness 
+
sω  and −

sω   spin-philicity and spin-donicity indices 

q   electrostatic potential 



 

 

 

 

 

 

 

 

“ I am satisfied with the mystery of life’s eternity 

and with the awareness of –and glimpse into- the 

marvelous construction of the existing world 

together with the steadfast determination to 

comprehend a portion, be it ever so tiny, of the 

reason that it manifests itself in nature. This is the 

basis of cosmic religiosity, and it appears to me that 

the most important function of art and science is to 

awaken this feeling among the receptive and keep it 

alive.” 

 

Albert Einstein 
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1 Introduction 

During my high school years, I could not decide what I really wanted to do in 

my life. On the one hand, physics, on the other hand Latin attracted, and it was only in 

the final year of high school, when I decided for sciences. I applied for the Budapest 

University of Technology and Economics to become a bioengineer, something 

mysterious, which probably had something to do with both biology and engineering. 

Since the first days of my university studies, I have never regretted this choice. We 

had a fantastic general chemistry professor, József Réffy, who could reveal us the 

wonders of chemistry and taught us to understand and not to mug. Knowing my 

interest in mathematics, he recommended me to meet Tamás Veszprémi, who had 

been dealing with quantum chemistry. At that time I did not know at all, what 

quantum chemistry was about, but I took Prof. Réffy’s advice and I visited Prof. 

Veszprémi. I became his student and started to explore the hidden possibilities of 

quantum chemistry. I learnt the fundamental laws of quantum mechanics together with 

the ways to extract information from quantum chemistry programs. I did not need 

much time to realize that this was the perfect branch of chemistry for me.  

Since my first meeting with quantum chemistry, it has developed extremely 

quickly. This has been partly thanks to the achievements in computer science and 

technology, partly thanks to the development of newer and newer methods in 

computational/quantum chemistry. By today, quantum chemistry has reached the 

reliability and precisity of experimental methods and it could help 

chemists/scientists/engineers working in all branches of chemistry. Physical chemists 

can use it to calculate thermodynamic properties of gases (e.g. entropy, heat capacity), 

to calculate molecular properties, even that of transition states and to understand 

intermolecular forces. Organic chemists can obtain information on the relative 

stability of molecules, on reaction mechanisms, to predict aromaticity of molecules 

and to analyze NMR spectra. Quantum chemistry helps to interpret frequencies and 

intensities of lines in a spectrum. Inorganic chemists use quantum chemistry to predict 

and explain properties of transition metal complexes and short-lived reactive 

intermediates. Biochemists begin to use quantum chemistry to obtain information of 
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conformations, electronic state, relative stability of biological molecules and enzyme-

substrate binding.  

For very long, silicon chemistry has been one of the leading research fields of 

the Department of Inorganic Chemistry of the BUTE. I made a short interview about 

the beginnings and future perspectives Prof. Dr. József Nagy, who started it and 

received the Kossuth prize for his contributions. 
 

When and how did you get engaged in silicon chemistry? 

J. N.: In 1949 a friend of mine brought along the binding material of a new precision casting process 

and I started to determine its composition. It turned out to be tetraetoxysilane, (Si(OC2H5)4), so I looked 

up the available literature. A recent, half scientific, half educational paper by Dr. Zoltán Csűrös 

increased my curiosity further. At that time, the Grignard reactions in ether were very popular and they 

were used to prepare alkyl- and arylchlorosilane. However, the industrial realization of that process hit 

against a lot of difficulties, thus I searched for a new solution. We discovered a brand new solvent free 

Grignard reaction, which allowed the one-step production of alkyl- and arylchlorosilane monomers.  

How do you envisage the future of silicon industry? 

J. N.: Today, three trends of exploitation of silicon can be seen besides the traditional industrial 

application e.g. in textile, leather, building industry. There are still hidden possibilities in silicon 

semiconductors, and the field of application of silicones is growing rapidly, too. The third direction I 

meant is the field of silicon ceramics. Although, it is still in its infancy, there are already industrial 

realizations abroad. Silicon ceramics, thanks to their advantageous properties could replace metals in 

the future in the building industry.  

What do you think about quantum chemistry?  

J. N.: I have a very good opinion on it. By today, most of the measurable quantities can be determined 

by quantum chemistry with acceptable precision and that can help a lot in interpreting the experimental 

results. We are developing a new eye lens, whose optical properties are extremely important. Quantum 

chemistry helps in understanding the UV spectra of the lens. However, we must keep in mind that a 

large part of chemistry is still empirical and in many cases, quantum chemistry cannot be used e.g. for 

determining the macroscopic properties of colloids and silicones.   

 

Silicon is the second most abundant element on earth, and it has still 

unexplored possibilities e.g. as implants, insulators, semiconductor etc. Our group 

deals with another branch of silicon chemistry: with reactive intermediates. I have 

asked my supervisor, Prof. Dr. Tamás Veszprémi:  
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What do you think about the present and future role of quantum chemistry? 

T. V.: Quantum chemistry has become a tool and its usage is more and more common. While in the 

1970s it was the privilege of researchers at rich universities to do calculations, together with the 

rapid improvement of computers and the appearance of quantum chemical program packages it has 

become easily accessible for every one. Its advantage compared to the experimental methods, which, 

in most cases, are used to determine a single property, that it can give information on a number of 

properties. From these, the determination of molecular geometry, molecular orbitals and relative 

energies are routine methods, but for the calculation of e.g. UV spectra, microwave properties or 

polarizability larger competence is necessary. However, it is expected that these are going to become 

routine procedures, too.  

What are the future prospects of silicon chemistry?  

T. V.: We have to distinguish between the technological side and organosilicon chemistry. By today, 

the production of silicon industry has become very important. In organosilicon chemistry there are 

two directions. One of them is the preparation of heavy metal complexes of organosilicon compounds. 

Investigation of silicon containing nanostructures belongs to this direction, too. The other main 

direction is the study of hypovalent silicon compounds. This includes two related field: the chemistry 

of silylenes, divalent silicon compounds and the chemistry of multiple bonded silicon compounds. 

 

This explains how I got involved in the calculation of reactive silicon 

intermediates. The aim of my work was to study and characterize silylenes and silenes 

by means of computational chemistry. Therefore, we investigated several properties, 

but the obtained quantities are all calculated, none of them are experimental. Larges 

part of my work was done on silylenes. Chapter 4.1.1 (Publication 1) presents the first 

detailed investigation of spin-philicity, spin-donicity and spin hardness indices 

through the investigation of a large number of silylenes compared to the similar 

carbenes, germylenes and stannylenes. Later we have showed that these indices can 

provide information on the similarity of molecular groups. (Chapter 4.1.2, Publication 

2). The following chapter (Chapter 4.1.3, Publication 3) describes our results on the 

electrophilic and nucleophilic character of silylenes. In Chapter 4.1.4 (Publication 4) 

the spin-philicity, spin-donicity and electrophilicity indices are compared. These 

studied have been done in cooperation with the group of Prof. Paul Geerlings (Free 

University of Brussels, (VUB)) in the framework of a bilateral cooperation.  

Stability and ability to dimerize are two essential features of silylenes. In 

Chapter 4.2. we studied the possible relationship between these two properties. 
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In 2004, I spent another six months in Belgium, but this time, at the University 

of Antwerp in the group of Christian Van Alsenoy and Dr. Frank Blockhuys. 

Although, our work has not been incorporated in this thesis, still one of our ideas 

related to the topic of silylenes will be presented for the first time (Chapter 4.3).   

The last topic discussed in this thesis (Chapter 5) discussed another aspect of 

reactive organosilicon compounds: silenes. We investigated the water addition 

reaction mechanism of fulvenes and similar silenes in order to get a better 

understanding of the role of aromaticity in the reactivity of silatriafulvenes and 

silapentafulvenes.   

My thesis includes six chapters. Chapter 2 deals with the achievements in 

hypovalent silicon chemistry, Chapter 3 gives a short overview of quantum chemistry 

without the aim of completeness. My results are collected in Chapter 4 and 5 and in 

Chapter 6 a short summary can be found. The list of my publications (denoted by 

publications) is followed by the section of references. I refer to these papers as 

references. The Appendix contains some important figures and tables, which could not 

be included in the thesis itself due to the limit of the size of the thesis and preprints of 

my publications.  



 

 

 

 

 

 

 

 

 

 

 

“The outcome of any serious research can only be to 

make two questions grow where only one grew 

before.” 

 

Thorstein Veblen 
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2 Low coordinated silicon compounds  

2.1 Silylenes and carbenoids 

 Despite the similar valence electron configuration of the elements in the same 

group of the Periodic Table, going down in Group 14, the preferred valence shell 

structure changes from tetravalent to divalent. While in most of its stable compounds 

carbon and silicon are tetravalent, tin and lead favor the divalent form. This shift in 

preferred valency is accompanied by among others the decreasing tendency of the 

element to form double bonds and a continuous change from the non-metallic 

character of carbon to the metallic character of lead. Carbenoid compounds are 

divalent species of Group 14 elements, carbenes, silylenes, germylenes and 

stannylenes. Their structure is depicted in Scheme 1. The central atom has only an 

outer sextet and the two non-bonding electron might reside in the same or different 

molecular orbitals. In the case of singlet species, the electron configuration follows the 

aufbau principle, but in triplet ground state species the electron configuration 

corresponds to an excited electron configuration. 

 

X

R1

R2

X

R1

R2 X= C : carbene
X= Si: silylene
X= Ge: germylene
X= Sn: stannylene

 
Scheme 1.  

 

In the case of carbene (CH2), coulomb repulsion between the electrons constrained to 

the small carbon centered HOMO is large, and although some energy must be 

surmounted to separate the electrons to different molecular orbitals, this energy is 

largely compensated by the accompanying decrease of electron-electron repulsion. 

Furthermore, the triplet configuration is additionally stabilized by relief of „exchange 

repulsion” resulting in the 3B1 triplet ground state of CH2 and most of its derivatives. 

However, in the case of the heavier hypovalent species, the energy difference between 

the similar orbitals is larger; furthermore, less energy is gained upon relief of the 
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electron-electron repulsion energy. As a consequence, the ground state of SiH2, GeH2 

and SnH2 is a closed shell, 1A1 singlet1,2. In the singlet state, two important features of 

the molecule are the empty p-type orbital and the s-type lone pair, both localized on 

the central atom.   

During the past decades, the experimental and theoretical interest in these 

compounds has grown side by side, complementing the results obtained by the other 

method. The synthetic work to produce methylene, the first carbene, started already in 

1835, but very long way led to the observation and isolation of the first stable 

compound. At the end of the 19th century, Buchner and Curtius suggested again the 

existence of carbenes3. Most carbenes are highly reactive species; they are the 

intermediates of a number of important reactions. As such, they are frequently used as 

reagents in organic synthesis, e.g. in the Simmons–Smith and Bamford-Stevens 

reactions. Carbenes began to receive more attention after 1950s, when Hine proposed 

the formation of CCl2 during the alkali hydrolysis of chloroform4. Today, extensive 

literature is available on the properties, reactivity, synthesis of carbenes, which 

include several reviews and books5. The beginning of the chemistry of stable 

carbenes6 is marked by the work of Arduengo et al., who prepared 1, the first isolable 

carbene7. 1 belongs to the group of cyclic diamino carbenes (commonly called N-

heterocyclic carbenes (NHC)), and its crystals remain unchanged for months in a 

moistureless, inert atmosphere at room temperature. The synthesis of 1 stimulated an 

intensive work in the field, and since then several, essentially different carbenes have 

been synthesized. These include the persistent diaryl carbenes, which possess a triplet 

ground state, and a large number of stable singlet carbenes. The latters can be divided 

into two groups: the so-called push-pull and push-push carbenes. Push-pull carbenes, 

e.g. phosphino silyl carbenes, contain a π-donor and a π-acceptor substituent and react 

readily with electron-poor alkenes to produce cyclopropanes, but are reluctant to bind 

metals. Push-push carbenes, e.g. NHCs, contain two π-electron donor substituents, 

and they are excellent ligands for transition metals, but no cyclopropanation has been 

reported, yet. This reactivity pattern of push-push carbenes is due to their high 

nucleophilicity and low electrophilicity8. During the recent years NHCs turned out to 

be powerful catalysts both as ligands for transition-metal based catalysts6c, and on 

their own right, too9.  
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The chemistry of silylenes10, the silicon analogues of carbenes, started 

considerably later and is still at a much earlier stage of its development; during the 

1970s and 1980s several silylenes were isolated in argon or hydrocarbon matrices at 

77K or below11. The first relatively stable (up to 200 K in solution) silylene, 212 was 

synthesized in 1985 by Puranik and Fink, but the breakthrough in the field followed 

the synthesis of Arduengo’s carbene, 1. Within a couple of years, 3 the silicon13 and 4 

the germanium14 analogues of 1 were isolated. In the meantime Veith et al. obtained 

the first stable bis(amino)silylene 5, and its Ge, Sn and Pb analogues which were 

stable up to 77 K15. The synthesis of 3 was followed by the preparation of 616, its 

saturated analogue, by the isolation of the benzo-fused silylene 717 and the pyrido-

fused analogue, 818. Very recently, the first bis(silylene) 9 has been prepared, too19. 

These molecules are highly similar to the NHCs, as the divalent silicon center is 

stabilized by two neighboring nitrogen atoms. The only isolated dialkyl silylene, 10 

have been prepared by Kira et al.., but the major reason for its considerably stability 

was ascribed to the effective steric protection from dimerization by a helmet-like 

bidentate ligand with four bulky trimethylsilyl groups20. However, part of the stability 

might be due to the effect of the β−trimethylsilyl-groups, as Gordon’s theoretical 

calculations indicated that β−silyl-groups stabilized singlet carbenes to a large 

extent21. During the past decade, the general strategy of stable silylene synthesis has 
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become the production of the dihalogeno silane derivative of the corresponding 

silylene and its reduction with potassium in THF.  

Silylenes are very important reagents in organosilicon chemistry. Their most 

important reactions include the insertion into O-H, O-Si, Si-Si etc. bonds, addition to 

carbon-carbon double and triple bonds, 1,3-dienes22. The ground state of all observed 

silylenes is singlet, with the exception of a few very recent reports23 on the 

observation and ESR signal of a silylene with a triplet ground state (bis(tri-tert-

butylsilyl)silylene). Transient silylenes are highly electrophilic due to their outer 

sextet and form complexes with Lewis bases24. There is much spectroscopic evidence 

for the existence of Lewis-base silylene complexes and their formation is indicated by 

a strong blue shift of the n-π absorption band24,25. The frequency shift upon 

complexation depends on the nature of both the base and the silylene. For Me2Si, the 

frequency shifts increase in the order phosphines<CO<sulfides<ethers<amines, which 

is in satisfactory agreement with the stability order of the base-silylene complexes 

predicted from theoretical calculations: HCl<H2S<H2O<PH3<NH3
26.  

Stable bis(amino)silylenes are not known to be electrophilic. The only known 

exception to this rule was the observation of a carbene-silylene adduct, which was 

prepared from 7 and its carbene analogue. The structure of the adduct was confirmed 

by X-Ray diffraction data, which revealed an exceptionally long C-Si distance, while 

the ligating carbon was in an almost trigonal planar and the silicon in a pyramidal 

arrangement. The spectroscopic data indicated that the carbon is the positive end of 

the Si-C dipole and the donor site27. Bis(amino)silylenes behave as nucleophiles at 

least at the beginning of the reaction. Their typical reactions are the nucleophilic 

additions to unsaturated organic compounds (e.g. to dienes, alkyne, nitriles etc.) 

insertion into O-H, C-X (X is a halogene), B-C, transition metal-X bonds10c. An 

apparent difference between the reactivity of stable and transient silylenes is that only 

bis(amino)silylenes insert into lithium-alkyl and alkali metal-amide bonds. This 

reaction opens a new route to silyl or amido complexes of a wide range of metals. 

Similarly, to the NHCs, bis(amino)silylenes form transition metal complexes28, and 

they are able to displace carbonyl, tertiary phophine or alkene ligands and can act as 

chlorine abstractors. Despite the apparent nucleophilic nature of stable silylenes, there 

are only a few stable silylene-Lewis acid adducts prepared29.  
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The theoretical interest in carbenoids first focused on the effect of substituents 

on the structure, stability, ground state multiplicity and singlet-triplet energy 

separation (or singlet-triplet gap, the energy difference separating the lowest lying 

singlet and triplet states) of the molecules. This vivid attention has further increased 

since the synthesis of stable species and their promising chemical properties e.g. as 

catalysts, the improvement of computational methods and the achievements in 

computer science.  

The effect of the substituent on the ground state of carbenes and silylenes has 

been extensively studied and it has been shown that the most important factor in the 

stabilization of the singlet carbenoids is the π-electron donation from the substituent to 

the central atom, while the triplet state can be stabilized with electropositive 

substituents. A convenient way to examine and quantify the effect of substitution on 

the stability is the calculation of isodesmic reaction energies ( ∆H i ). In these reactions 

(see (1) for a prototype of these) the number and type of bonds is equal on both sides 

of the equation allowing the comparison of the stability of the differently substituted 

species. 

RR’X(singlet)  +  XH4 →  H2XRR’  + XH2 (singlet)    (X=C, Si, Ge) (1) 

The most efficient substituents to stabilize the divalent silicon (or carbon) 

center are the NH2
30 followed by SH31 and OH groups. The stabilization has been 

attributed to the interaction between the empty p-type orbital of the carbon/silicon 

center and the lone pair of the neighboring group, by forming a dative π-bond. 

Disubstitution by these groups increases the stability of the silylene, but the effect of 

the second substituent is smaller than that of the first one32. This has been attributed to 

the saturation of the empty 3p orbital of the silicon with electrons.  

Being aware of the stabilizing effect of amino groups, it is not surprising that 

all but one stable silylenes isolated so far contain two amino groups next to the 

silylene center. During the past decade, a very important question was the role of 

aromaticity in the stabilization of the synthesized compounds. On the basis of electron 

density analysis, isodesmic reaction energies and bond lengths Apeloig et al.. showed 

that there is cyclic electron delocalization in 1 and 3, but the degree of aromaticity 

strongly depended on the applied aromaticity criteria. However, it became evident, 
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that the silylene 3 is less aromatic than the carbene 133. Comparison of the NICS(2) 

indices of 3, 6 and 734 also confirmed the aromatic character of 3 and 7. Electron-

density analysis of the same molecules revealed that though the overall electron 

density does not differ considerably in the saturated and unsaturated compounds there 

is a large difference in the charge-distribution of the σ− and π-system, which can be 

interpreted by the +I and –M effects35. Boehme and Frenking also confirmed these 

findings36. According to them occupation of the pπ-orbital of the divalent Si is 0.54 in 

the unsaturated 3, while in the saturated 6 it is 0.33 only at the MP2/6-31G(d) level.  

Aromaticity is an important factor in the stabilization of silylenes, but it is not 

essential, as it is proved by the existence of 6 and 10, although, these molecules 

slowly isomerize or dimerize. The same fact was concluded from the isodesmic 

reaction energies of silaimidazol-2-ylidene and its isomeric silene and silane forms. 

The isodesmic reaction energies clearly indicated that silenes are the most aromatic 

compounds while silylenes are only moderately aromatic37. 

The singlet-triplet energy separation of carbenoids has been the topic of 

intense research and controversial results, e.g. in the case of diiodo-carbenes38. 

Although, it has been shown, that in order to get reliable and accurate singlet-triplet 

energy gaps highly sophisticated MRCI calculations with large basis sets are 

required39,  it is also known that the main sources of errors do not change significantly 

with the method40. This is supported by the results of Mendez et al. who found that the 

calculated singlet-triplet energy gaps of carbenes at the B3LYP/6-31G(d) level  were 

systematically lower by 2-4 kcal/mol than the experimental values41. Besides the 

effect of atomic number of the central atom of carbenoid molecules on the ground 

state, substituents have a strong influence on the singlet-triplet gap, too. It was shown 

that π-electron donating substituents stabilize the singlet state compared to the triplet 

state i.e. a larger singlet-triplet energy separation is expected for them30,31 i.e. the same 

substituents as which account for a large isodesmic reaction energy.  

The chemistry of silylenes is strongly connected to that of disilenes and Si 

double bonded species, another branch of low coordinated silicon chemistry. By the 

end of the 19th century, it was well-known, that carbon and other light elements form 

double bonds with each other. Therefore, it seemed reasonable that heavier elements 

could form double bonds, too. However, all efforts were in vain to synthesize double 
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bonded species of heavier elements, as the resulting compounds turned out to be 

singly bonded cyclic oligomers or polymers42. This, together with the theoretical 

results of Pitzer43 and Mulliken44, which showed that multiple bonds between heavier 

elements should be weak, finally led to the formulation of the classical double bond 

rule: elements outside the first row do not form multiple bonds either with themselves 

or with other elements. However, in the 1970s results began to accumulate indicating 

the failure of the double bond rule. Conlin and Gaspar carried out the pyrolysis of 

MeSiOSiMe2-SiMe2OMe at 600 °C, and 1,3-disilacyclobutane was the major 

product45. They explained this by the dimerization of the initially formed Me2Si: to 

Me2Si=SiMe2, which in the following step isomerized to the final product. The double 

bond rule was finally disproved in 1981, when the first stable compounds with 

Si=Si46, Si=C47 and P=P48 double bonds were synthesized. Since then impressive 

progress has been made in the field resulting in a wide diversity of double and triple 

bonded compounds49. By today, stable double bonded compounds are known of 

almost all elements of Group 13, 14, 15 and 16. In general, there are two ways to 

stabilize these reactive species. On the one hand, kinetic stability can be achieved  

using bulky substituents to protect the reactive center. These substituents are mainly 

responsible for the kinetic stability of the molecule. On the other hand, 

thermodynamic stability can be achieved by incorporating the double bond in a ring, 

where delocalization of the bond lowers its energy i.e. increases the stability. The 

efficiency of this method is well demonstrated by the existence of a large amount of 

cyclic species50. Very recently, the first compound containing Si-Si triple bond was 

synthesized51 and several stable silaaromatic compounds (silabenzene, 1- and 2-

silanapthalenes and 9-silaantracene) have been isolated, too.52 Silaaromatic 

compounds are known to be highly reactive, which can be stabilized by bulky 

protection groups. The isolated silaaromatic compounds bear a bulky Tbt (2,4,6-

tris[bis(trimethylsilyl)methyl]phenyl protection group on the sp2 hybridized silicon.  

Disilenes can be obtained by the dimerization of silylenes, and it seems that if 

no trapping agents are present, this is the general route of deactivation of silylenes53 

and the most direct way to produce disilenes. This procedure led to the isolation of the 

first disilene46. Due to the nature of this procedure in most cases symmetric molecules 
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are obtained, but by cross-dimerization reaction of silylenes asymmetric species can 

be produced as well54.  

Dimerization of carbenoid compounds has attracted considerable theoretical 

interest, too. Dimerization of two carbenoid molecules might follow the least-motion 

or the non-least motion path (Scheme 2). Two triplet species approach each other in 

the same plane (D2h symmetry, least-motion path), e.g. two triplet methylenes (CH2) 

dimerize via this path to give a singlet ground state ethene without any barrier55. The 

reaction of two singlet molecules follow the non-least-motion path56, in which the 

lone pair of the first molecule overlaps with the empty p-orbital of the other molecule 

to form the double bond (Cs symmetry); e.g. two singlet silylenes (SiH2) dimerize 

along a barrierless non-least-motion path to give a singlet ground disilene57.  

 

X
H

H
X

HH

non-least-motion  path

X
H

H
X H

H

least-motion path  
Scheme 2 

 

The non-least-motion path dimerization implicates the formation of a product with a 

distorted geometry and, indeed, most of the heavier analogues of ethene are trans-

bent. According to the CGMT model, suggested independently by Carter and 

Goddard58 and Malrieu and Trinquier59, X=Y double bonds are expected to be formed 

only when the sum of the singlet-triplet separations (Σ∆Es-t) of the carbenoid 

fragments is smaller than the total X=Y bond energy (Eσ+π). The product has a trans-

bent geometry if Σ∆Es-t is larger than ½ Eσ+π.. This rule gives an acceptable 

explanation for the increasing deviation from planarity in the 

disilene<digermene<distannene series.  

However, the dimerization routes of substituted carbenoids are more 

complicated than that of the parent compound. Trinquier60 and Apeloig61 have 

suggested that besides the non-least motion path a second route exists for silylenes. In 

Scheme 3, Path 1 depicts the “classical”, non-least motion way. In Path 2 the lone-pair 
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orbital of the substituent of a silylene interacts with the empty Si(3p) orbital of the 

other silylene forming a bridged structure. The bridged species are best described as 

donor-acceptor complexes61a. In the case of small substituents both routes are 

expected to be barrierless and exothermic.  
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For silylenes with lone pair bearing substituents, the two dimerization routes can 

compete with each other. Takahashi et al.. observed that the dimerization process of 

silylenes might strongly depend on the temperature62. At lower temperature 

bis(diisopropylamino)silylene dimerizes to disilene, while at room-temperature the 

bridged dimer is formed. Besides these two general channels, specific dimerization 

routes have also been observed. In the case of 3, both channels are blocked63, as the 

molecules cannot approach to the appropriate Si-N distance and orientation without 

encountering severe steric repulsion due to the large size of the t-butyl groups on 3. 

Therefore the bridged isomer cannot be formed. Thus first an insertion of the first 

silylene into the Si-N bond of the second molecule takes place leading to a new 

silylene. This new silylene is already able to dimerize to form a Si=Si double bond.  
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2.2 Alcohol addition reactions of silenes  

 The Si=C bond is strongly polarized with the silicon center as the positive end 

of the double bond. Both monomolecular and bimolecular reactions can be found 

among the most prominent reactions of the Si=C double bond. Examples of the 

monomolecular reactions are the sigmatropic shifts including the 1,2-shifts (silene to 

silylene isomerization), intramolecular retro-ene and ene reactions and reactions 

started by an intramolecular nucleophilic attack. The Si=C double bond is a strong 

nucleophile; its most prominent bimolecular reactions are additions and 

cycloadditions. The Si=C double bond can add among others alcohols, water, phenols, 

hydrogen halides and ammonia64. Silene dimerization is in general a 2+2 

cycloaddition, which proceeds readily yielding head-to-tail dimers, 1,3-

disilacyclobutanes in the case of small alkyl substituents. In the case of bulkier or 

more strongly interacting substituents, the dimer is less favored energetically and the 

dimerization proceeds much slowlier.  

As one of our work was the investigation of water addition to Si=C double 

bonds, only the water and the related alcohol addition65 reactions will be discussed in 

more detail. In general alcohol reacts regiospecifically with silenes to form 

alkoxysilanes. This reaction has been used for the trapping of silenes. In the first 

stereochemical study, Brook et al. observed a nonstereospecific addition of methanol 

to isolable silenes, as the product contained 1/3 mixture of syn/anti or anti/syn 

isomers66.  

Studies on water, alcohol and hydrogen halide addition to silene and disilenes 

revealed a step-wise mechanism. Wiberg has proposed a two-step mechanism, 

involving the formation of an initial silene-alcohol complex followed by proton 

migration from the alcohol to the carbon of the silene67. Jones and coworkers reported 

the stereospecific syn-addition of alkoxy-silanes to silenes68. Similar results of Fink et 

al. showed the stereospecific syn-addition of methoxysilane69 and ethanol to 

silacyclobutadiene70. Sakurai et al. generated a five-membered cyclic silene and 

investigated the addition reaction of several alcohols71. They observed the 

nonsterespecific addition of alcohol, and the product ratio depended on concentration 

and acidity of the alcohol. The ratio of the syn-product increased with increasing 

acidity of the alcohol. Their model is depicted in Scheme 4. In the first stage of the 
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reaction a silene-alcohol complex is formed, which is followed by an intramolecular 

proton migration (the first order rate constant, k1), which competes with the 

intermolecular proton transfer from an additional alcohol (rate constant, k2). These 

two processes give syn and anti addition products. The product ratio is sensitive to the 

polarity of the solvent. The relative importance of intramolecular proton transfer 

increases relative to the intermolecular bimolecular process as the solvent polarity 

decreases.72  
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Leigh et al. used laser flash photolysis73 to get insight into the kinetics and 

mechanism of nucleophile addition reactions to Si=C double bonds and found kinetic 

evidence for the reaction mechanism depicted in Scheme 4. This complex behavior is 

not observed in the case of simpler silenes of the type Ar2Si=CH2, which react with 

alcohol much faster, but the silene decay rate follows a linear dependence on the 

alcohol concentration over the whole range that could be studied. Furthermore, in 

steady-state competition studies, where the alcohol concentration could be much 

higher, the above reaction mechanism was confirmed for these cases, too.74  

Theoretical investigation of the alcohol, hydrogen halide and water addition 

reactions of Si=Si, Si=C and C=C bonds followed and explained the experimental 
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results. The studies revealed the similarity and differences between these reactions. 

Two main thermodynamic profiles were proposed depending on the substrate (olefin, 

silene or disilene) and the reagent (water, alcohol or HY). Both channels start with the 

formation of a weakly bound van der Waals complex, similar to that proposed by 

Wiberg. In electrophilic complexes (CE) the most important interaction is between the 

HOMO of the substrate and the LUMO of the reagent, with a small electron flow to 

the reagent from the substrate. On the other hand in the nucleophilic complexes (CN) 

the interaction of the HOMO of the reagent and the LUMO of the substrate was 

shown to be dominant, with a small electron flow from the reagent to the substrate. It 

was also shown that, although the formation of these complexes is accompanied by a 

net release of energy, the Gibbs free energy change of the reaction was always 

positive due to the negative entropy factors. In these van der Waals complexes the 

geometry of the molecules hardly differ from that of the starting materials. These 

initial complexes, CE and CN determine the following steps of the reaction, leading to 

different products, syn and anti, respectively.  

Depending on the reacting molecules, different pathways are possible. 

Addition reactions of C=C, C=Si and Si=Si double bonds further emphasize the 

apparent differences between these double bonds75. Figure 1 shows the proposed 

reaction profiles for the parent disilene, while in the Appendix Figures A1-A2 depict it 

for silene and ethane.  

Addition reactions happen easily to the Si=Si double bond through a low 

activation energy transition state. Two competing reaction channels, an electrophilic 

and a nucleophilic pathways, were found for the water and alcohol addition reaction of 

H2Si=SiH2. First, the initial complexes CE and CN are formed, which are connected to 

a second van der Waals complex, CL a Lewis adduct of water/alcohol and disilene via 

different TE and TN transition states. The two reaction channels differ considerably: in 

the electrophilic channel: CE-TE-CL the electrophilic attack is followed by a 

nucleophilic attack. For this the oxygen lone pair approaches the silicon with a 

rotation of the water molecule around the Si-H axis, and TE can be characterized by 

small geometric changes. This reaction channel ends in a syn product. Contrarily, in 

the nucleophilic channel drastic geometric changes happen resulting in an anti 

product: During the CN-TN-CL reaction one of the SiH2 groups becomes strongly 
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pyramidal and rotates by 180º through the Si-Si bond. From the Lewis adduct the two 

reactions proceed along the same path, i.e. through a four-membered transition state 

TL, similar to the one proposed by Nagase et al.76. These two pathways explain the 

experimentally observed solvent-dependent anti product formation77 and the kinetic 

isotope effect of the electrophilic channel78.  

 

 
Figure 1 Free energy diagram at the CBS-Q level of theory of water addition reaction to disilene 

taken from Ref. [74] 

 

 

 The investigation of the reaction mechanisms of monosubstituted disilenes 

showed an even greater variety79. Although, the basic steps remain, with the loss of 

symmetry of the substrate, the number of possible reaction channels is doubled. 

Indeed, in the case of H2Si=SiHMe and H2Si=SiH(C≡CH), two nucleophilic and two 

electrophilic channels were found. Contrarily, in the case of H2Si=SiHF only two 

electrophilic and in the case of H2Si=SiHNH2 one nucleophilic and one electrophilic 

pathways exist. In the case of fluoro-disilene this fact was attributed to the strong 

electron withdrawing effect of fluorine, which efficiently stabilized both the HOMO 

and the LUMO of the compound inhibiting the effective interaction between the 

HOMO of water and LUMO of the disilene, i.e. the formation of nucleophilic 
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complexes. In the case of H2Si=SiHNH2 it was recognized that its reactivity pattern 

resembles that of the Si=C double bond. The inductive and conjugative effects of the 

amino group reduce the σ-electron density at Si1 and the π-electron density at Si2 and 

increase the σ-electron density at Si2 and the π-electron density at Si1. As a result, the 

charge difference between the two silicon atoms is quite large, one of them being 

easily attacked by nucleophiles, the other one by electrophiles, being in accordance 

with the obtained two reaction channels.  

The reaction mechanism is highly sensitive to the acidity of the reagent. In the 

case of the more acidic CF3OH75 and hydrogen halides80 only electrophilic-type 

complexes were found and the nucleophilic channel was completely missing. In these 

cases no second complex was found. 

 It is well-known that the 1,2-addition reactions of C=C double bonds proceed 

easily ionically with acid catalysts in solution through the formation of a carbocation 

intermedier. However, in the gas phase the activation energy of hydrogen halide 

addition (and of any other reaction, too) is very high, and this energy proved to be the 

barrier necessary to ionize the hydrogen halide, HY at the transititon state; i.e. in the 

case of C=C double bonds, the H-C bond formation precedes the C-Y bond 

formation80.  

 According to the calculations, addition reactions of the Si=C bond bear several 

characteristics of both Si=Si and C=C additions. Due to the different 

electronegativities of carbon and silicon, the Si=C bond is intrinsically polarized as 

Si+-C-. In the normal addition reaction of water to silenes, silanols are formed in a 

facile bimolecular addition way, while the abnormal addition results in the formation 

of carbon-substituted silanes. The abnormal way can be characterized as an 

electrophilic pathway, starting by the formation of an electrophilic van der Waals 

complex CE, in which the partially positive hydrogen atom of the water molecule 

attacks the negatively charged carbon atom of the silene. Similarly, to the addition 

reaction of the C=C bond, there is no second complex along the pathway and the final 

product can be reached through one, high energy transition state. The normal addition 

reaction of silenes starts by the formation of a nucleophilic complex CN, in which  the 

principal interaction is between the oxygen lone pair and the positively charged silicon 

atom. In the second step of the reaction, similarly to the nucleophilic channel of the 
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Si=Si additions, CN is transformed to a Lewis adduct CL, (although, the transtition 

state between them could not be located). Finally, the final product is formed after a 

low energy, four membered ring transition state. In these reactions no rotation was 

observed as in the case of the Si=Si bond, which was explained by the enhanced π-

bond energy of the Si=C bond in comparison with the Si=Si bond.   

 Bendikov et al.81 studied the normal addition of water and alcohols to 

substituted silenes. The proposed reaction mechanism was essentially the same as in 

ref. 75, but in the case of apolar silenes and strongly polar silenes no van der Waals 

complexes were found at the beginning of the reaction. The authors have found a 

reasonably good linear correlation between the Si=C bond length and its polarity, a 

more polar Si=C bond being shorter. The activation energy of water addition 

depended strongly on the effect of substituents on the silene, and it correlated linearly 

with the difference in the total charge at the Si and C atoms of the Si=C bond. The 

activation energy of various alcohol addition reactions to H2Si=CH2 shows a slight 

decrease in the H2O > MeOH > EtOH > t-BuOH series, which follows the gas phase 

acidity of the nucleophile, i.e. the higher the acidity the lower the activation energy is. 

Analysis of the effect of solvent (THF and toluene) on the barrier height of the water 

addition reaction of the parent silene resulted in the conclusion that the energy of 

formation of the complex and the barrier height increases with increasing polarity of 

the solvent. The larger activation energy in the condensed phase was attributed to the 

fact that the initial silene, being a more polar molecule, was more strongly stabilized 

by a polar environment than the less polar complex or TS. 

Silafulvenes form a special group of silenes, as they belong to fulvenes that 

contain a conjugative double bond system enclosed in a ring with an extra exo double 

bond. A few examples are shown in Scheme 5. 

11           12               13                   14                15  
Scheme 5 
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These molecules shift their π-electrons in the ground state due to influence of 

dipolar aromatic resonance structures (Scheme 6). However, the contribution of these 

aromatic resonance structures differ markedly for the different species, e.g. 

calculations showed that the aromatic resonance structure contribute 5% to the 

electronic ground state of heptafulvene, 13, but 31% and 22% to those of calicene, 14 

and pentahepafulvene, 15.82 Ottoson and coworkers classified fulvenes as aromatic 

chameleons, as in their lowest lying triplet state similar polarization of the π-electrons 

occurs, but in the opposite direction to keep the aromaticity of the molecule. 83.      
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Although, the aromatic resonance structures play a role in the ground state of 

fulvenes to some extent, there has been a long debate on the aromaticity of the 

different members of the family84. Burk et al. analyzed the aromaticity of various 4-

heterosubstituted triafulvenes using energetic and magnetic criteria, NBO and Bader 

analysis.84 They concluded that these criteria gave approximately the same ordering 

for the aromaticity of the examined compounds and the protonated forms were much 

more aromatic than the neutrals. They observed that the coplanarity of the exo double 

bond and the cyclopropene ring is not a prerequisite of aromaticity, as the most 

aromatic compound had a strongly pyramidal structure around the exo phosphorous 

atom.  

 Pentafulvene was first described almost a century ago85. According to 

microwave spectroscopic measurements86, the structure of the parent pentafulvene 

(X=Y=C) exhibits significant bond alternation and the dipolar resonance structures 

contribute only 7% to the electronic ground state. Several theoretical studies conclude 

that the molecule is essentially non-aromatic87. Although, replacement of the exo 

carbon atom by other members of Group 14 elements might increase the aromaticity 

of pentafulvenes due to their lower electronegativity, Saebo et al. found only a slight 
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increase in aromaticity, indicated by slight decrease of bond alternation in the ring and 

an increase in dipole moment88 and also larger NICS values89. Veszprémi et al. 

analyzed the substituent effect on the structure and aromaticity of silafulvenes90. They 

found that the aromaticity of 4-silatriafulvenes can be increased by both fluorine and 

boryl (BH2) substitution on the exo silicon atom. They showed that the aromaticity of 

the ring was not directly related to the planarity of the molecule, but it correlated with 

the Si=C bond lengths: the longer the bond lengths, the more aromatic the ring was. 

The same authors investigated the bending motion of disilene, silene and 4-

silatriafulvene. While the bending potential of silene can be well estimated by a 

harmonic function, disilene and 4-silatriafulvene have a highly anharmonic bending 

potential. As the bending potentials of these two compounds are very similar it was 

suggested that the origin of the non-planarity of both molecules is the same and 

independent of the aromaticity of the ring.91  

 The Si=C double bond of 4-silatriafulvenes shows a remarkably different 

behavior toward alcoholaddition, than other silenes. The first, generated 4-

silatriafulvene derivative92, 16a, was a reactive intermediate, which showed an 

unusually low reactivity toward tert-butyl alcohols compared to silenes and 

isomerized to the corresponding silacyclobutadiene at high temperatures. Calculations 

on the reaction mechanism of water addition to the parent 4-silatriafulvene found that 

the activation energy of the normal addition is 20 kcal/mol, which is much larger than 

in the case of H2C=SiH2 and larger than the energy of activation of the isomerzation 

reaction (17 kcal/mol at the same level of theory) toward silacyclobutadiene.91  
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The first isolable 4-silatriafulvene derivative, 16b shows a different behavior 

toward methanol and t-butyl-alcohol93. On the one hand, 16b does not react with t-

butyl alcohol at room temperature for a couple of days, but it gives the alcohol adduct 
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of the corresponding silycyclobutadiene under reflux in hexane. On the other hand 

16b reacts instantenously with methanol to afford 17 (Scheme 7). The regioselectivity 

of the reaction is completely opposite to that of alcohol additions to common silenes, 

which indicates a significant contribution from the aromatic resonance structure.  
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Similar inverted regioselectivity has been observed for hexaphenylsilacalicene by 

West et al.94.  

The first 5-silapentafulvene has been prepared recently and it was reported to 

react with water as expected (Scheme 8)95.  
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“ 1. Mathematics is the language of nature.  

   2. Everything around us can be represented and    

    understood through numbers. 

    3. If you graph these numbers, patterns emerge.  

    Therefore: there are patterns everywhere in nature.”  

  

Maximilian Cohen 
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3 Computational chemistry  

3.1 Overview of quantum chemistry 

The theories and methods discussed in the first two parts of this chapter form 

the basis of quantum chemistry, and they are covered in every textbook in the field96. 

The third section deals with conceptual DFT, which belongs to a more specialized 

area of quantum chemistry. There is only one book, “Density Functional Theory of 

Atoms and Molecules” by Parr and Yang97 and a few reviews98, which discusses it 

thoroughly. Due to the more specialized nature of conceptual DFT, this chapter 

contains a more detailed description of the existing concepts and principles than the 

first two chapters on the basics of quantum chemistry. Furthermore, this chapter 

includes all working equations that we used in our publications to obtain the values of 

conceptual DFT indices.  
 

3.1.1 Wave function based methods  

Today’s quantum chemistry is based on the solution of the time-independent, 

non-relativistic Schrödinger equation, being the key to obtain information on the 

energy and the wave-function of the system*. According to the postulates of the 

quantum mechanics, all information on the system is available in its wave function: 

EΨΨH =
∧

 (2) 

where 
∧

H  is the Hamiltonian of the system,  E is the energy, ψ is the wave function. 

The Hamiltonian of (2) contains kinetic and potential energy terms:  
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* Although, the Dirac-Breit equation, which includes the relativistic effects should be solved to describe  
correctly every property of a microsystem, but as it is not yet possible (except for the numerical 
solution for very small systens), approximations are introduced. The first of them is the neglect of 
relativistic effects, which results in the decoupling of the spin and orbital functions.   
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where m and e are the mass and charge of the electron, Ma and Za are the mass and 

charge of α nucleus, Rαβ is the distance between the α and β nuclei, riα between the i 

electron and the α nuclei, and rij between the i and j electrons, respectively. ∆ is the 

Laplacian and the summation goes over N electrons and n nuclei. The first two terms 

are the kinetic energy operators of the electrons, eT̂  and the nuclei, NT̂ . The potential 

energy operator is built up from three terms: nuclear-nuclear ( NNV̂ ) and electron-

electron repulsion ( eeV̂ ), and the nuclear-electron attraction ( NeV̂ ).  

The wave function has 4(n+N) variables, because in non-relativistic quantum 

mechanics the spin must be taken into account phenomenologically.   

Φ(x,y,z,ms)=Ψ(x,y,z)η(ms) (4) 

The Schrödinger equation cannot be solved for systems with more than one 

particle analytically. Although, a numerical solution would be possible, most often 

further approximations are introduced. The main strategy is to approximate the 

Hamiltonian as the sum of several operators, because if it is possible, the wave 

function can be written as the product of several functions with less variables. The 

Born-Oppenheimer approximation makes use of the considerable mass difference 

between the nuclei and the electrons. The light electrons can instantly follow the 

movement of the much heavier nuclei. Therefore, the kinetic energy operator of the 

nuclei ( NT̂ ) can be separated from the last four terms, eĤ . As a consequence, the 

wave function can be written as a product of the electronic and the nucleic wave 

function, containing the coordinates of the electrons and the nuclei, respectively, and 

instead of the original Schrödinger equation, the electronic Schrödinger equation (5) 

and an equation containing only the nuclear coordinates (6) have to be solved 

independently.  

 eeee EH Ψ=Ψ
∧

 (5) 

nnnn EH Ψ=Ψ
∧

 (6) 

where Ee is the electronic energy, and En is the kinetic energy of the nuclei.  Ee is a 

function of the nuclear coordinates representing the potential energy of the nuclei. The 

Ee function varies with the nuclear positions, and it is often referred to as the potential 
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energy (hyper)surface (PES). In the critical points of the potential energy surface the 

gradient is zero and the eigenvalues of second derivates matrix (Hessian) can be used 

to characterize the critical points. Of these, from the chemists’ point of view, the most 

important ones are the minima corresponding to stable structures and the first-order 

saddle points corresponding to transition states. Following the routes with the steepest 

descent from a first-order saddle point one can reach two minima. This path is called 

the intrinsic reaction coordinate (IRC), and it gives some indication on the changes 

during the reaction. In reality, the reaction follows a different path above the 

minimum depending on the kinetic energy of the system, which is completely ignored 

in the above picture. As a consequence of the Born-Oppenheimer approximation, the 

electronic wave function only contains the coordinates of the electrons. Further 

simplifications are introduced by using the independent particle model, in which the 

interaction between the electrons is approximated by an average one-electron potential 

( )iV eff
i . The Hamiltonian is written as: 

( )[ ] ( )∑∑
==

=+≈
N

i

N

i

eff
ii iFiVhH

11

ˆˆˆ  (7) 

 where iĥ , is a one electron operator, containing the kinetic energy operator of the 

electrons and the electron-nuclear attraction potential energy term, and ( )iF̂  is the 

Fock-operator. In this model each electron moves in the potential field generated by 

every other electron. The electronic wave function now can be written in term of one-

electron functions, which depend only on the coordinates of one electron. Due to the 

Pauli’s exclusion principle, the wave function must be antisymmetric for the 

interchange of two electrons, and therefore an appropriate linear combination of the 

products of the above mentioned one-electron functions have to be used. This linear 

combination can be represented by a determinant (Φ, the Slater-determinant).  For N 

electrons, including the normalization constant: 

( ) ( )

( ) ( )N
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!N
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1
1 11

=Φ  (8) 
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where ϕi are the one-electron wave functions, which are the product of the one-

electron orbital (ψi) and one-electron spin functions (ηi). 

In the Hartree-Fock method, the variational principle is used to find the 

minimum of the energy and the corresponding one-electron wave functions by solving 

the Hartree-Fock (HF) equations: 

( ) Nii iii ,.....,1F ==
∧

ϕεϕ  (9) 

As the Fock operators contain the one-electron wave functions an iterative 

procedure is used, in which a starting {ψ0} function series is used to construct the 

Fock operators, than the HF equations are solved, resulting in a new {ψ1}series of 

functions and the energy. With these new functions the process is repeated until the 

change of the energy between two cycles becomes smaller than a given threshold. In 

this case it is said that the self consistent field (SCF) is reached.  

The original HF equations are integro-differential equations, which can be 

solved form spherical atoms. However, a similar solution is very often impossible for 

molecules, therefore the Hartree-Fock-Roothan (HFR, or more precisely Hartree-

Fock-Roothan-Hall) method is used. In the HFR method, the one-electron wave 

functions are constructed as the linear combinations of pre-defined basis 

functions{ }µχ , and in the solution of the HF equations only the coefficients are 

varied.  

N,.....,ic
m

ii 1
1

== ∑
=µ

µµ χψ  (10) 

Using an infinite basis set an infinite number of one-electron wave functions 

are obtained from the solution of the HFR equation together with infinite number of 

eigenvalues. The Molecular Orbital (MO) theory uses these one-electron wave 

functions and eigenvalues to demonstrate the bonding in the molecule. The one-

electron wave functions are associated to molecular orbitals and the corresponding 

eigenvalues to orbital energies. From these orbitals the most important ones are the 

HOMO (highest occupied molecular orbital) and the LUMO (lowest unoccupied 

molecular orbital), as these determine primarily the reactivity of the molecule and they 

play a key role in the FMO (Frontier Molecular Orbital) theory.  
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The use of finite basis sets instead of infinite is a further necessary 

approximation, therefore its size and quality is a very important factor. Nowadays, due 

to their computational efficiency the Gaussian-type orbitals are used as basis 

functions. The number of basis functions is limited by the number of electrons and the 

spherical symmetry of the atom (minimal or single zeta basis set) on the one hand and 

by the computational resources on the other hand. In the double zeta (DZ) and triple 

zeta (TZ) basis sets the number of basis functions are twice or three times larger than 

in the minimum basis set. In the so-called split-valence basis set, the inner shells are 

single zeta and the valence shell is of double or triple zeta quality. The basis sets often 

contains polarization and diffuse functions. Polarization functions give information on 

the surroundings around the atom making the basis set more flexible. In the case of 

hydrogen atom, they are of p or d type, while for heavier elements d or f type 

functions are used. Diffuse functions (denoted by + or ++) are especially important in 

the description of weak interactions and anions. Recently, the correlation consistent 

(cc) basis sets, proposed by Dunning have become very popular. They are known by 

their acronyms as cc-PVDZ, cc-pVTZ, cc-PVQZ, .., (correlation consistent polarized 

valence double/triple/quadruple/…. Zeta).  These basis sets include by construction 

the polarization functions. Diffuse functions can be added, which is assigned by an 

aug in front of the acronym. An important advantage of the Dunning basis sets is the 

ability to generate a sequence of basis sets, which converge toward the basis set limit 

(the best result that can be achieved within the approximations of a certain 

methodology).  

The Hartree-Fock method can be used to calculate the energy of the system, 

but with increasing basis set, the energy converges to the so-called Hartree-Fock limit, 

which is always higher than the exact solution of the non-relativistic Schrödinger 

equation. The correlation energy (the energy difference between the HF-limit and the 

exact solution) is a consequence of the one-electron model in the HF-method. The 

absolute value of the correlation energy is very small compared to the total energy of 

the system, but it may have a very important influence on quantities, which arise as 

energy differences e.g. activation energies and relative energies.  

As the correlation energy is a direct consequence of the use of the effective 

potential in the Hamiltonian and the Slater determinant, modern quantum chemical 
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methods try to take into account the correlation between the electrons by improving 

the wave function. The main strategy is to use the one-electron wave functions 

obtained in the HF-method to develop the exact wave function of the system. Exciting 

electrons from the occupied orbitals to the virtual ones it is possible to create excited 

determinant wave functions, which are also eigenfunctions of the Hamiltonian and can 

be used for the development of the exact wave function.  

∑
∞

=

Φ=Ψ
1i

iiC  (11) 

Although, this wave function is the superposition of different configurations, it 

is generally called the configuration interaction (CI) method (Mulliken calls the 

method “configurational mixing”.) The finite size of the basis set limits the number of 

determinants, so the wave function obtained from a finite basis set is called FCI (full 

CI). This calculation includes every singly, doubly etc. excited determinants. The 

variational principle is used to determine the coefficients of the determinants. Due to 

the large number of determinant FCI calculations can only be performed for molecules 

with a few atoms. Therefore, it is necessary to select from those determinants, which 

are important for the development of the wave function.  

1. There are systems whose wave function cannot be described with one 

single determinant, and a linear combinations of determinant must be used. This is 

called static electron correlation.  

2. If the CI development of the system contains several determinants with 

a large coefficient, the non-dynamic electron correlation is important, and these 

determinants have to be taken into account. This can be the case if the studied state is 

near in energy to another state.  

3. The number of excited determinants, whose contribution to the wave 

function small, is very large. Therefore, their cumulated effect is very important and in 

many cases it gives the largest part of he correlation energy (dynamic electron 

correlation)  

If the first two types of correlation energy are important multiconfigurational 

self-consistent field method (MCSCF) can be applied to the description of the system. 

In this calculation a selected set of determinants are used as reference instead of the 

single determinant and the orbital coefficients are usually optimized simultaneously 
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with the CI coefficients in a variational procedure. The more detailed description of 

these and other important methods can be found e.g. in Ref. 96d.  

As very often the dynamic electron correlation turns out to be the most 

important, various approaches have been developed for its estimation.  

1. The CI-series. As the number of determinants is very large a 

systematic series of calculations were developed based in the CI-method. In the CIS 

method every singly occupied determinant, in the CISD every singly and doubly 

occupied determinant are taken into account, while the CISDT method include all 

single, double and triple excitations. The serious drawback of these methods is that 

they are not size-consistent.  

2. Coupled Cluster (CC) calculations. The problem of size-consistency 

is solved by the coupled-cluster methods, which use an exponential operator to 

produce the excited determinants.   

0
T̂ΦeΨ =  (12) 

The T̂ operator can be written in the “ ...T̂T̂T̂T̂ +++= 321 ” form, where the subscript 

denotes the order of the produced excitation. Substituting this into (12) the following 

equation can be obtained:  

0
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121 Φ...T̂
3!
1T̂T̂T̂T̂

2
1T̂T̂1Ψ 






 +++++++=  (13) 

This shows that knowledge of the 1̂T  operator, allows one to take into account not 

only the singly excitations but a part of the doubly and higher order excitations.   

Depending on the order of the T̂ operator, CCS, CCSD, CCSDT and CCSD(T) etc. 

methods have been developed so far. In the abbreviations S refers to the inclusion of 

the excitations produced by 1̂T , D by 2T̂  and T by 3T̂ . In the CCSD(T) method only 

the excitations by 1̂T  and 2̂T  are taken into account explicitly, and a perturbation 

method is used to estimate the effect of the triples. As a result, this method is more 

accurate than CCSD, but computationally cheaper than CCSDT.  

3. One of the most frequently used method is the Many Body Perturbation 

Theory (MBPT, or Møller-Plesset, MP methods) to include the dynamic electron 

correlation in the calculation.  According to this theory, if the Hamiltonian of the 
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system S1 only slightly differs from that of a known system S0, it can be expected that 

the solution will be similar, too. The Hamiltonian of S0 is taken as the non-perturbed 

Hamiltonian and the Hamiltonian of S1 is:  

VĤĤ λ+= 0  (14) 

where V is the difference between the Hamiltonians of S1 and the non-perturbed 

system, and λ is the perturbation parameter. The wave function of the non-perturbed 

system is used to develop the wave function of S1. In quantum chemical calculations 

the Schrödinger-Rayleigh perturbation method is often used in the development of the 

wave function and the energy, and the HF wave function is taken as the wave function 

of the non-perturbed system. (This was first described by Møller and Plesset). 

Including higher order of perturbation, the correlation energy can be estimated better 

and better. The disadvantage of the MP-methods is that they are not variational 

methods, and the obtained energy may be lower or higher than the exact solution. 

However, it is often true, that using higher order, one gets nearer to the exact solution. 

The two, most often used methods are MP2 and MP4, in which the energy is 

calculated up to the second and the fourth term of the expansion series. An important 

advantage of the MP2 method is that it accounts for about 90% of the correlation 

energy, it is size-consistent, and, its computation demand is only  20-50% larger than 

that of that the HF-method.  

The accuracy of quantum chemical methods is essentially determined by the 

sophistication of the applied correlation method and the size and quality of the basis 

set. As the theoretical level and the basis set increase, one obtains more and more 

accurate results, while the computational demands increase extensively. In the past 

decade two series of methods (the Gaussian (G) and the Complete Basis Set (CBS) 

series, respectively) have been developed to obtain very accurate energies at moderate 

computational demand. The basic idea is to estimate the correlation energy and/or the 

effect of the finite basis set by extrapolation from the results of several, lower level 

single point calculations at an acceptable geometry (it depends on the method which 

geometry is used as reference). 
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3.1.2 Density Functional Theory (DFT) 

 
DFT allows one to replace the complicated N-electron wave function by a much 

simpler quantity, the electron density (ρ(r)). The electron density gives the probability 

of finding an electron in a given volume of space: 

( ) ( ) ( ) Nd...d1,2,...NΨ1,2,...NΨ....N rrr 2∫ ∫ ∫
∞

∞−

∞

∞−

∞

∞−

∗=ρ  
 

Since the electrons in the molecules cannot distinguish one from another, the above 

definition is generally true for the electron density. The first model was proposed by 

Thomas and Fermi in the 1920s, but it was the first Hohenberg-Kohn theorem in 1964, 

which legitimized the use of the electron density instead of the wave function of the 

system. The theorem states: “The external potential v(r) is determined, within a trivial 

additive constant, by the electron density.” The external potential is due to the nuclei 

and ρ(r) determines the number of electrons: 

( ) Ndr =∫ rρ . 
 

It follows from the theorem, that ρ(r) also determines the ground state wave function 

and all other electronic properties of the system, among others the total energy, the 

kinetic energy and the potential energy of the system. 

where T[ρ] is the kinetic energy functional, V[ρ] are the potential energy functional 

(the constant nuclear-nuclear repulsion term is not included in the equation). FHK[ρ] is 

the Hohenberg-Kohn functional which contains the electron-electron repulsion term 

and the kinetic energy functional. The second Hohenberg-Kohn theorem provides the 

possibility to determine the electron density: “For a trial density ( )rρ~   such that 

( ) 0≥rρ~  and ( ) N~ =∫ rρ , 

[ ] [ ] [ ] [ ] [ ] ( ) ( )∫+=++= rrr dvFVVTE HKeenev ρρρρρρ  (17) 

(16) 

(15) 
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[ ] 0E~Ev ≥ρ  (18) 

where [ ]ρ~Ev  is the energy functional” of (17). This is analogous to the variational 

principle for wave functions; one has to search for the ρ(r) minimizing E. For the 

optimal ρ(r) the energy does not change upon variation of ρ(r) provided that ρ(r) 

integrates to n, the number of electrons: 

( )( ) 0E =− rµρδ  (19) 

where µ is the undetermined Lagrange multiplier. This leads to the (so-called Euler) 

equation: 

( ) ( ) µ
δρ
δ

=+
r

r HKF
v  (20) 

The difficulty of the solution of (20) is that the components of the Hohenberg-Kohn 

functional, FHK are not known. Kohn and Sham have introduced a procedure, which 

makes possible the calculation based on (20). They started from an n-electron non-

interacting system showing the same electron density as the exact electron density of 

the real interacting system. The Schrödinger equation of this non-interacting system 

can be easily separated into one-electron equations and its wave function is properly 

described by the determinant wave function. The electron density can be expressed as: 

 ∑
=

=
n

1i

2
iϕρ  (21) 

The exact kinetic energy functional of this system Ts[ρ] can be used as an 

approximation to the kinetic energy operator of the real system. Using Ts[ρ], FHK[ρ] 

can be written as: 

[ ] [ ] [ ] [ ]ρρρρ xcsHK EJTF ++=  (22) 

where J[ρ] is the classical electron-electron repulsion term and Exc is the exchange 

correlation functional which contains the difference between the T[ρ] and Ts[ρ] and 

the non-classical part of Vee[ρ]. The solution of the variational problem can be found 

by solving the following Kohn-Sham equation: 
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where veff(r) is an effective potential, ϕi a one-electron function (Kohn-Sham orbitals). 

A similarity transformation can be used to obtain the canonical Kohn-Sham equation, 

which can be solved in an iterative manner similarly to the one used in the case of the 

HF equations.  

 The accuracy of DFT calculation strongly depends on the applied Exc 

functional, which is in practice divided to an exchange and a correlation part. The 

available functionals today differ in their exchange and/or correlation part. As the HF 

method contains an exchange part, some recent “hybrid” functionals contain a mixture 

of HF and DFT exchange functionals. The very popular B3LYP functional contains 

Becke’s three-parameter functional99 in conjunction with the Lee-Yang-Parr 

functional100. It contains parameters optimized to atomization energies, ionization 

energies etc, therefore it can be regarded as a semiempirical method. 

  

3.1.3 DFT-derived chemical concepts (Conceptual Density Functional Theory) 
 

The basic idea of conceptual DFT is to use the electron density to define 

commonly accepted but poorly defined chemical properties. In the earliest work in the 

field it was recognized that Lagrangian multiplier µ in the Euler equation (20) could 

be written as the partial derivative of the system’s energy with respect to the number 

of electrons at fixed external potential:  

( )rvN
E









∂
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=µ  (24) 

This electronic chemical potential101 has been identified as the negative of 

electronegativity. 

( )rvN
E









∂
∂

−=χ  (25) 

Since then various other derivatives have been identified; Figure 2 shows the 

hierarchy of the different energy derivatives.  The global indices (derivatives of the 
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energy at constant external potential (i.e. at fixed nuclear positions)) are found in the 

left hand side of the diagram, while the right side of the diagram contains the local 

indices, whose value changes from point to point. The evaluation of the N-derivatives 

of the energy raises a fundamental question: whether the energy is differentiable with 

respect to N, as the number of electrons must be an integer for isolated atoms and 

molecules. Although, there have been various solutions proposed to overcome this 

problem, the most common one up to date is the finite difference approach, in which 

the derivative is approximated as the average of left and right hand derivatives.  

 
( )[ ]rvNEE (,=

energy of the system

( )
χµ −==








∂
∂

rvN
E

( ) ( )r
rv

E

N

ρ=







∂
∂

electronic chemical potential electron density

( ) ( )
η

µ
=








∂
∂

=







∂
∂

rvrv
NN

E
2

2

( ) ( )
( )

( )
( )rf

N
r

rvrvN
E

rvN

=







∂
∂

=







∂
∂

=







∂∂

∂ ρµ2

( ) ( )
( )
( ) ( )rr
rv
r

rvrv
E

NN

′=







′∂

∂=





′∂∂

∂ ,
2

χρ

hardness fukui function linear response function
 

Figure 2 Derivatives of the energy 

  

Electronegativity 

The definition of electronegativity according to Linus Pauling is: “The power of an 

atom in a molecule to attract electrons to itself”102. During the last century several 

electronegativity scales have been proposed, all showing the same tendencies but 

differing in their philosophy and numerical values. Conceptual DFT offers a way to 

calculate the electronegativies not only of atoms, but functional groups, ions etc. In 

conceptual DFT the electronegativity of a system is defined according  to (25). This 

derivative is approximated with the finite differences approach: 
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where I and A are the ionization energy and the electron affinity of the neutral atom. 

This formula is the same as proposed by Mulliken to calculate the electronegativity103. 

A further approximation can be introduced using Koopmans’ theorem104. 

Global hardness and softness 

These terms originate from Pearson’s Hard and Soft Acids and Bases (HSAB) 

principle105. Pearson studied the reactions of Lewis acids and bases and tried to find 

an explanation for the observed reaction entalphies of the neutralization reactions.  He 

classified the investigated compounds as soft or hard. In his system acids and bases 

with low charge and greater volume were classified as soft, while acids and bases 

having a smaller volume and a greater charge were classified as hard. This 

classification turns out to be essentially polarizability based: low polarizability = hard 

bases: NH3, F-, high polarizability = soft bases: H-, R-, R2S. Pearson concluded that 

hard acids preferably interact with hard bases and soft acids with soft bases. Although, 

the HSAB principle could explain the observed interaction energies of acids and 

bases, the definition of hard and soft was quite hazy and the classification of a new 

acid or base was ambiguous. This problem was solved when Parr and Pearson 

identified the hardness as106: 

Softness, S  is considered as the reciprocal.  

The qualitative formulation of the HSAB principle is expressed by the following 

equation107: 
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where the energy change is estimated as the sum of two terms. The first term 

expresses the energy gain upon equalizing chemical potentials at fixed external 

potential and the second term is the energy change due to rearrangement at fixed 

chemical potential. λ is a constant related to the effective number of valence electrons 

in the interaction and to the ratio of the softnesses of the reacting partners. 

Chandrakumar and Pal108 defined the λ value as the difference of electron densities of 

the interacting system A (or alternately B) before and after the interaction: 
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There exists a semilocal and local form of eq. (30) in which the local softness (sA 

and/or sB) are used instead of the global softness SA or SB.  

 

Electronic Fukui function  

The electronic Fukui function f(r) is the mixed partial second derivative of the 

energy with respect to the number of electrons and the external potential. As a result, 

the Fukui function changes from point to point in space. The Fukui function links 

frontier MO theory and the HSAB principle. It can be interpreted either as the change 

of the electron density at each point in space when the total number of electrons is 

changed or as the sensitivity of the system’s chemical potential to an external 

perturbation at a particular point r:  
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As the evaluation of the Fukui function encounters the problem of the integer number 

of electrons, left- and right-hand side derivatives had to be introduced, both 

considered at a given number of electrons N=N0. In 1986, a condensed form of Fukui 

function was introduced based on the idea of integrating the Fukui function over 

atomic regions. This technique combined with the finite differences approximation 

lead to the following working equations: 
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where qA is the electronic population of atom A in the reference system. For a given 

system the sum of the Fukui functions of the atoms is always equal to 1. As these 

equations make use of a population analysis, the obtained results will depend on the 

method, basis set and the used partitioning scheme. A detailed description can be 

found in Ref. [109]. 

 

Local softness and local hardness 

The local softness is defined as: 

( ) ( )rSfrs =  (35) 

This can be interpreted as if the Fukui function redistributed the global softness 

among the different parts of the molecule. The local softness contains the same 

information as the Fukui function, if one examines intramolecular properties, but as it 

contains more information on the softness of the molecule, it can be used more easily 

for the comparison of different molecules.  

 Contrary to the local softness, the definition of local hardness is ambiguous110, 

and so far no consensus has been reached. However, the local hardness has, among 

others, been shown to be proportional to both the electronic part of the electrostatic 

potential and the total potential in each point in the valence region of the molecule 

(e.g. at a distance of 4 Bohr from the atom, very good results have been obtained110). 

   

Electrophilicity   

The electrophilicity index has been recently proposed by Parr et al.111.  The 

model was first proposed by Maynard et al.112, to interpret ligand-binding phenomena 

in biochemical systems.  The idea was to “submerge” a ligand in an ideal, zero 

temperature free electron sea of zero chemical potential and calculate the stabilization 
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energy of the ligand when it becomes saturated by electrons. At the point of saturation 

the electronic chemical potential of the ligand becomes zero:  

0=





=

vN
E

∂
∂µ  (36) 

The Taylor expansion of the energy change of the ligand ( E∆ ) up to second 

order due to electron flow ( ∆N ) from the free electron sea is:  

∆E = µ∆N +
1
2

η ∆N( )2 (37) 

From the combination of (36) and (37) one gets for the maximal electron flow: 

η
µ

−=∆N  (38) 

and the energy change is:  

∆E =−
µ 2

2η
 (39) 

The negative of this energy change was considered as the electrophilicity of the ligand 

η
µω
2

2
=  (40) 

The authors pointed out that the electron affinity and this electrophilicity index 

are similar quantities, but the former one expresses the energy change at the uptake of 

exactly one electron while ω is related to maximal electron flow. Indeed, in the case of 

compounds with small electron affinities, the deviation between A and ω is relatively 

large, but as A increases the correlation becomes increasingly better.   

 

Spin polarized DFT  

None of the indices discussed so far took into consideration the spin 

polarization of the system. However, the extension of DFT to a spin-polarized case113 

is necessary to describe many-electron systems in the presence of a magnetic field. 

Furthermore, if the limit of the magnetic flux density B → 0, the formalism leads to a 

suitable description of the electronic structure of atoms and molecules with a spin-

polarized ground state (when the number of α and β electrons are not equal) without 
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an external magnetic field, naturally. Soon after the appearance of the earliest DFT 

descriptors, their spin-polarized analogues were introduced.  In spin-polarized DFT 

the role of ρ(r) is taken over either by ρα(r) and ρβ(r) or by ρ(r) and ρs(r). Between 

these quantities the following equations must hold: 

( ) ( ) ( )rrr βα ρρρ +=  
 

( ) ( ) ( )rrr βα ρρρ −=s  
 

( ) ss NNNdrr =−=∫ βαρ  
 

where Nα and Nβ  denote the total number of α and β spin electrons and Ns  is the spin 

number.  Within the spin-polarized DFT, the analogues of the spin-restricted 

electronic chemical potential and hardness arise together with four new type of Fukui 

functions, which can be used to characterize the reactivity of various sites of the 

molecule. The spin potential, sµ  114 provides a measure of the tendency of a system to 

change its spin-polarization and for a fixed value of N, the different values of Ns can 

be interpreted as different valence states of the system. The derivation of these indices 

and a detailed discussion can be found in Refs. [114,115]. The evaluation of these 

indices faces the common discontinuity problem of the energy derivatives with respect 

to N or Ns, which is eluded by the use of the finite differences approximation: −
sµ  is the 

spin potential calculated in the direction of decreasing and +
sµ  in the direction of 

increasing multiplicity. 0
ssη  is the spin hardness.  
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These expressions contain the one electron energies of the HOMO and LUMO for the 

system in lower ( M ) and upper ( ′ M ) spin-multiplicities, respectively. These formulas 

can be easily understood within the Koopmans approximation in an UHF scheme. For 

the transition of a system from the lower multiplicity M to a higher multiplicity M’, 

one has to remove one electron from the βHOMO orbital of the system and place it in 

the αLUMO orbital. In the case of decreasing multiplicity one removes one electron 

from the αHOMO orbital of the system and places it in the βLUMO orbital (Figure 3). 

 

 
Figure 3 Qualitative representation of the formulas of the spin potentials 

 

 

Spin-philicity and spin-donicity indices 

The spin-philicity (ω s
+) and the spin-donicity (ω s

−) indices116 were defined 

similarly to the electrophilicity. In this case considering a “sea of spins”, the energy 

change of the ligand (∆Ev) due to a change in spin number ( ∆NS ) at constant external 

potential (v) and number of electrons (N) can be expanded in a Taylor series around a 

reference point; in the { }sNN ,  representation of spin-polarized DFT114 we get:  

( )200
, 2

1
SSSSSNv NNE ∆+∆=∆ ηµ  (47) 

with a simple variational calculation as used for the derivation of the electrophilicity 

index, the following formula was obtained for the maximal energy change:  

( )
0

20

2 SS

S
N,vmax,E

η
µ

−=∆  (48) 

 It was suggested to use this energy change as the spin-philicity index ( +
sω ) of 

the system in the direction of increasing spin multiplicity ( ∆Ns > 0) and as the spin-
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donicity number ( −
sω ) in the direction of decreasing multiplicity ( ∆Ns < 0). In the 

direction of increasing multiplicity, +
sµ  and in the direction of decreasing 

multiplicity µs
−  should be used as reference: 

 

3.2 Computational methods applied  

The calculations in this work were performed by the Gaussian 98117 and 03118 

program packages with the B3LYP hybrid functional within the context of density 

functional theory and at the MP2 level. In order to obtain reliable interaction energies 

CBS-Q or CBS-QB3 method was applied in several works. In each case analytical 

second derivative calculations were performed to ensure that all the stationary points 

were real minima (or transition state, in the case of reaction mechanisms) on the 

potential energy surface. In the case of the MP2 calculations in the triplet state the 

spin contamination was carefully checked and it was found that the S2 value was 

always around 2. Although at the DFT level one has no wavefunction, the S2 

expectation value of the Slater determinant constructed from the Kohn-Sham orbitals 

is frequently used as a probe of the UKS scheme. Also in this case the S2 values were 

always very close to 2 for the triplets. The negligible spin contamination implies that 

the mixing with higher spin-states is negligible. Any difference from this standard 

method will be pointed out, where appropriate. The atomic charges were calculated 

using the Natural Population Analysis (NPA)119 as implemented in Gaussian 98 or 

Gaussian 03.  

Three different aromaticity indices were used in this work. Bird’s aromaticity 

index120 is based on the statistical evaluation of the deviations of the bond orders in 

the ring. It can be calculated as follows:  

( )
0

2

2 ss

s
s η

µ
ω

+
+ −≡  (49) 

( )
0

2

2 ss

s
s η

µω
−

− −≡  (50) 
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( )[ ]kn VVI /1100 −=  (51) 

where V is the coefficient of variation for the bond orders of a ring is given as:  

( )
n

NN
N

V ∑ −
=

2
100  (52) 

where N is the aritmetic mean of the various bond orders (e.g. Gordy-bond order121), 

N, and n is the number of bonds. Vk is calculated from (52) for the non-delocalized 

Kekulé structure of the ring with alternating single and double bonds. Its value is 35 

for five membered rings, and 35.36 for three membered rings. The upper limit of the 

index is 100 if the variation of the bond orders is zero and as the variation increases 

the value of the index decrease. The peculiarity of this index is that it cannot 

distinguish between e.g. benzene and cyclohexane. Bird indices of rings with different 

size cannot be compared.      

DBCI values were used as the second aromaticity criteria122, developed by 

Nyulászi et al. to measure the aromaticity of five membered heterocycles. The double 

bond character of the bond between X and Y is estimated as: 

21

1

BB
RBDBC

−
−

=  (53) 

 where B1 and B2 are the bond lengths of reference single and double bonds between X 

and Y, respectively. The DBCI index is the average double bond character of the ring.

 NICS (Nucleus Independent Chemical Shifts) proposed by Schleyer123 et al. 

are defined as the negative of the isotropic shielding computed at the ring centers 

(NICS(0), at the non-weighted mean of heavy atom coordinates). NICS(1) is 

calculated 1 Å above the plane of the ring in order to avoid influence of σ effects on 

the NICS values. The effects of the σ−bonds is even more influenced in the case of 

three-membered rings, therefore NICS(2) values are calculated for such rings, where 

the ghost atom is placed 2 Å above the plane of the ring.  

The figures were prepared by the Molden124 and Corel Draw programs, and the 

schemes by ISISDraw.  



 

 

 

 

 

 

 

 

 

“The sciences do not try to explain, they hardly try 

to interpret, they mainly make models. By a model is 

meant a mathematical construct, which, with the 

addition of certain verbal interpretations, describes 

observed phenomena. The justification of such a 

mathematical construct is solely and precisely that it 

is expected to work.” 

   

John von Neumann 
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4 Silylenes  
 

In the following studies a set of silylenes are used to obtain systematic 

information on the effect of substituents on the investigated properties. The set 

includes all silylenes, substituted by first and second row elements, NH2, OH, F, SH, 

Cl disubstituted species and model compounds of some well-known already 

synthesized compounds (i.e. stable, see Scheme 1 and Scheme 9). 5 have been 

predicted to be synthesizable125 and the R-substituted carbene analogue of 4 have 

already been isolated.  
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Scheme 9 

 
The list of calculated molecules can be found in the Appendix in Table A1. In 

the following studies, many diagrams present correlations between various calculated 

properties. In order to facilitate their interpretation, it is indicated under each diagram, 

which molecules are included in the correlation. Table A1 in the Appendix, gives the 

numbering of molecules used in correlation diagrams.   
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4.1 Conceptual DFT studies on hypovalent Group 14 and 15 

compounds (Publications 1, 2, 3 and 4) 

 

In 2003 Pérez et al. introduced the spin-philicity and spin-donicity indices116 as 

the analogy of the electrophilicity index111. They claimed that these indices could be 

used in the interpretation of spin-catalysis phenomena126 and to predict the spin-

catalytic activity† of molecules. They applied these indices to a small set of known 

spin catalysts and the obtained values were in accordance with the observed spin 

catalytic activity of the investigated molecules. As there was no detailed investigation 

of these indices, we decided to explore their performance on a set of carbenes, 

silylenes, germylenes, stannylenes, nitrenes and phosphinedes, as the ground state and 

the singlet-triplet energy separation of these compounds is highly sensitive to the 

atomic number of the central atom and the nature of the substituents. Nitrenes and 

phophinidenes are monovalent species of group 15 elements, which show an apparent 

similarity to the carbenoid compounds. They contain a nitrogen or a phosphorus atom 

with a sextet surrounding with four non-bonded electrons, resulting in a strong 

electrophilic character accompanied by a singlet or triplet ground state. The effect of 

the substituents is very similar to those in the case of group 14 elements: π-electron 

donating substituents stabilize the singlet state and decrease the electron deficiency of 

the central atom, thus its electrophilicity. All carbenoid structures treated in this work 

were fully optimized both in their singlet and triplet states at the (U)B3LYP level of 

theory with the 6-31G(d) basis set using the Gaussian 98 program. This basis set has 

been shown to be appropriate for the qualitative analysis of singlet-triplet energy 

gaps.41 For Sn, the LANL2DZ127 basis set was used augmented with a d type 

polarization function128.  

 
†  The phenomenon of spin catalysis is induced by both magnetic and nonmagnetic (exchange) 
interactions126. It operates in triads of spin carriers (the simplest case being three radicals); pairwise 
exchange between either of the partners of the pair and a third spin carrier induces the spin conversion 
in the pair of selected spin carriers (e.g. radical pair); The latter acts as a spin catalyst which transforms 
non-reactive spin states of the pair into the reactive one. Overall this physical phenomenon manifests 
itself in chemical reactions of radicals, ions, carbenes and high-spin molecules and strongly affects their 
reaction rates and competition of reaction channels. 
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The nitrenes and phosphinedes (R-N and R-P where R = H, Li, CH3, NH2, OH, F, 

SiH3, PH2, SH and Cl) were calculated at the comparable (U)B3LYP level with the 6-

311+G* basis set using the Gaussian 03 program. It was shown by Pérez et al., that 

the difference between the values of the spin related indices investigated in this work 

is not significant116. As the spin potentials have to be evaluated at constant external 

potential, single point calculations were performed in the triplet state on the geometry 

corresponding to the singlet state and vice versa. 10 The energy gaps are calculated as 

follows:  

singlet
tgeom.opt.single

triplet
.sing.1 EEE letgeomoptv −=∆  (54) 

triplet
mtripletgeooptmtripletgeooptv EEE ..

singlet
..2 −=∆  (55) 

singlet
tgeom.opt.single

triplet
mtripletgeooptts EEE −=∆ − ..  (56) 

The conceptual DFT indices were evaluated as described in Chapter 3.  

 In the first part of the work we tried to elucidate whether the spin-philicity and 

spin-donicity indices were conceptually similar to the electrophilicity index, we 

analyzed the energy change when the system acquired a given spin number, and we 

investigated the possible relationships between the vertical singlet-triplet energy 

separations and the spin-related indices. In the second part of the study we 

concentrated on the performance of spin related indices in the evaluation of the 

similarity of molecular groups.  

4.1.1 Spin-related DFT indices  

 Although, these indices could be calculated in excited states too, in our work 

we focused on ground state properties. The calculated indices together with the 

vertical and adiabatic singlet-triplet energy separation are collected in the appendix 

(Tables A2-A6). With the exception of a few carbenes, most carbenoids have a singlet 

ground state, but for nitrenes and phosphinedes the stability of the two states is 

reversed. The sum of the spin potentials µs
+  and µs

−calculated in the singlet and triplet 

state correlates very well with the vertical singlet-triplet energy gap for all the 

compounds (R2>0.99) in accordance with the results of Vargas et al. 129 (Figure A3). 

Figure 4 demonstrates the maximal spin acceptance ( ∆Ns,max
+ ) of silylenes with singlet 
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ground state and the maximal spin release ( ∆Ns,max
− ) for phosphinidenes the 

dependence of these indices on the vertical energies (similar curves are obtained for 

the other groups, too).  
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Figure 4 Linear relationship between the maximal spin acceptance ∆Ns,max

+  (in spins) and the 

∆Ev1 (in kcal/mol) for singlet silylenes (molecules 1-24, 26-27 from Table A1 in the Appendix) and 

between the maximal spin release ∆Ns,max
−  (in spins) plotted against ∆Ev2 (in kcal/mol) for triplet 

phosphinidenes (molecules 114-123 from Table A1 in the Appendix) 

 

It can be seen that molecules with larger vertical energies are able to accept more 

spins from the “sea” or donate more spins to the “sea”. Although, this seems to be in 

contrast with intuition; one would expect a system with a stable singlet state to take 

less spins from the sea, Pérez et al. found that molecules with larger vertical energies 

are proved to be experimentally better spin catalysts116.  

Figure 5 shows the dependence of the spin-philicity on the vertical energy gap 

for silylenes. As we are interested in the singlet and triplet states, spin-philicities are 

presented only for molecules with singlet ground state. Although in our paper we 

suggested a quadratic fit, it was also noted that the correlation coefficient of the linear 

fit is also very good. (R2=0.986 for carbenes, R2=0.955 for germylenes and R2=0.984 

for stannylenes, see Figure A3). As in the case of nitrenes and phosphinidenes the 

linear fit turned to be as good as the quadratic, we used the linear fit in these diagrams.  

The spin-donicity number gives information about the energy changes in the 

direction of decreasing multiplicity. Since the properties are only computed for ground 
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states; the spin-donicity numbers are only presented in the tables for the compounds 

with triplet ground state. Most of these molecules belong to the carbenes, therefore the 

spin-donicity number as a function of the vertical energy (∆Ev2) is depicted for 

phosphinidenes (Figure 6). A large negative ω s
−  is expected if the vertical gap is large, 

i.e. much energy is necessary to reach the excited singlet state. The correlation (both 

of the linear and quadratic fit) for the spin-donicity number curve is as good as in the 

case of the spin-philicity indices.  

It is anticipated that ω s
+  /ω s

−  should be related to the vertical energy, because 

both of these quantities measure the capability of an agent to accept/donate spins. 

However, ∆Ev1/∆Ev2 reflects the capability to accept/donate exactly two spins (i.e. the 

spin of one electron changes), whereas the spin-philicity/spin-donicity index  (ω s
+  

/ω s
−) measure the increase of the energy of the ligand due to maximal spin flow 

between donor and acceptor. The spin change may be either less or more than two. 

These are values of a similar type than the ones listed by Parr et al. in the case of the 

electrophilicity index111. They found values slightly less than one for the maximal 

electron flow. In our case the typical value is around two, which corresponds to the 

spin change of one electron. 
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Figure 5 Spin-philicities (in eV) plotted against the vertical singlet-triplet gap ∆Ev1 (in kcal/mol) 

for singlet silylenes (molecules 1,4-7, 10-24,26-27 from Table A1 in the Appendix) 
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Figure 6 Spin-donicity index (in eV) vs. the vertical singlet-triplet gap, ∆Ev2 (in kcal/mol) 

phosphinidenes (molecules 114-123 from Table A1 in the Appendix) 

 
   

At first sight the energy difference between the corresponding spin states of the 

molecule may seem to be used for the spin-philicity/spin-donicity index, but the 

definition ( ( ) 02 2 sss / ηµ ± ) as in eq. (49) and (50) only pertains the basic quantities 

governing small changes away from the initial state, the first order µs
±  and the second-

order ηss
0  (as it was pointed out by Parr et al. in the case of the electrophilicity index).  

In Figure 7 the electrophilicity, spin-philicity and spin-donicity indices are 

compared; the corresponding equations are collected together with the basic 

quantities. The dependence of these quantities on the energy change of the system is 

schematically depicted.  
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Figure 7 Comparison of the definitions, defining equations, properties of electrophilicity, spin-

philicity and spin-donicity indices 

 

∆E refers to the energy difference between the anion and the neutral molecule (-A) in 

the case of the electrophilicity, and to the energy difference between the singlet and 

triplet states of the molecule ( ∆Ev) in the case of the spin-philicity/spin-donicity 

indices. ∆Emax is the energy change when the ligand acquires ∆Nmax  electrons, and 

when the spin number change of the molecule is ∆Ns,max. All the three indices 

(ω, ωs
+ ,  ω s

− ) are based on the same idea: measuring the energy difference in the case 

of maximal electron/spin flow from the zero potential sea of electrons/spins towards 

the ligands. All of them decrease if the energy difference between the corresponding 

states of the molecule increases. As the uptake of electrons from the sea is an 

energetically favorable process, ∆E is smaller than zero in the case of the 

electrophilicity index. The spin-philicity and spin-donicity indices refer to an 

energetically unfavorable process, thus ∆E is larger than zero in those cases. The 

analysis of ∆Nmax  and ∆Ns,max  values shows, that in the case of taking up electrons 

from the sea, the sign of the maximal electron acceptance and the electronic chemical 
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potential is opposite, so ligands with less negative chemical potential will take up less 

electrons from the sea. However, in the case of the spin-philicity and spin-donicity 

indices ∆Ns,max  has always the same sign as the spin potential. As a result molecules 

with larger ∆Ev1 (with more stable singlet state) will take up more spins from the “sea 

of spins”  and molecules with larger ∆Ev2  (with more stable triplet ground state) will 

donate more spins to the sea.  

 

4.1.2 Similarity of molecular groups 

The aim of conceptual DFT is to extract information from the electron density 

on the properties of molecules. In this sense a good measure of its performance is if it 

can reliably predict similarities and differences of molecular groups. On the one hand, 

similar compounds of members of the same group of the Periodic Table, such as the 

nitrenes and phosphinidenes, are supposed to possess similar properties. On the other 

hand, the diagonal rule predict that elements along the same diagonal will be similar 

(e.g. phosphorus and carbon). Therefore, we have looked at the relationships between 

the spin hardness, spin-philicity/spin-donicity of nitrenes, phosphinidenes, carbenes, 

silylenes and germylenes. In order to examine the similarity of these five molecular 

functional groups, we have performed linear regression involving the spin hardness, 

spin-philicity/spin-donicity values calculated for the members of each investigated 

molecular group against those of the other group, e.g. we have plotted the spin 

hardness values of the differently substituted carbenes vs. those of nitrenes. The 

calculated correlation coefficients are collected in Table 1-2. As an example, two 

selected correlation diagrams are displayed in Figure 8-9. 

From the correlation coefficients it is obvious, that there is a high degree of 

similarity between nitrenes and phosphinidenes, and silylenes and germylenes. This 

means that the spin hardness is influenced by the substituents in the same way for the 

two functional groups. It is a general trend that substitution by the second row 

elements results in a less negative spin hardness values. A substituent, which lowers 

the singlet-triplet gap, tends to reduce the spin hardness of the molecules as well. 

Slightly less good correlation is found between calculated parameters of carbenes and 
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nitrenes, and between carbenes and phosphinidenes. The latter provides a certain 

support for the similarity of carbon to phosphorus for this type of intermediates.   
 

Table 1 R2 values for the linear regression between the spin hardness values of carbenes, 

silylenes, germylenes, nitrenes and phospinidenes (values given in brackets refer to the triplet 

state of carbenes, silylenes and germylenes). 

 R1R2C: R1R2Si: R1R2Ge: R1N R1P 

R1R2C: 1 0.785 (0.849) 0.832 (0.870) 0.926 (0.889) 0.862(0.905) 

R1R2Si:  1 0.963 (0.985) 0.607 (0.775) 0.602(0.775) 

R1R2Ge:   1 0.687 (0.794) 0.648(0.842) 

R1N    1 0.944 

R1P     1 

 

 

Table 2 R2 values for the linear regression between the spin-philicity and spin-donicity index (in 

brackets) of carbenes, silylenes, germylenes and spin-donicity values of nitrenes and 

phospinidenes  

 R1R2C: R1R2Si: R1R2Ge: R1N R1P 

R1R2C: 1 0.718 (0.92) 0.852 (0.905) 0.729 (0.332) 0.479 (0.387) 

R1R2Si:  1 0.981 (0.888) 0.59 (0.066) 0.369 (0.026) 

R1R2Ge:   1 0.47 (0.07) 0.278 (0.002) 

R1N    1 0.946 

R1P     1 

 

 

The similarity of nitrenes and carbenes might seem surprising, but it is in 

accordance with the fact that both nitrenes and carbenes possess triplet ground states 

and similar electronic structures. The ground state of carbenes and nitrenes is 

influenced by the substituents in the same way. Their singlet state is stabilized by π-

donor substituents, the best of those is the NH2-group, and both NNH2 and HCNH2 

possess singlet ground states. According to elementary organic chemistry textbooks, 

the chemistry of nitrenes strongly parallel to that of carbenes130.  
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Figure 8 Spin hardness of nitrenes (molecules 104-113 from Table A1 in the Appendix) plotted 

against the spin hardness of phosphinidenes(molecules 114-123 from Table A1 in the Appendix) 
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Figure 9 Spin hardness of phosphinidenes (molecules 114-119,121-123 from Table A1) plotted 

against the spin hardness of triplet carbenes (molecules 28-29,31-34,39-41 from Table A1) 

 

The results for spin-philicity/spin-donicity indices listed in Table 2 are rather 

less clear-cut. As expected, the correlation between nitrenes and phosphinidenes, and 

between silylenes and germylenes is again established, but such correlation is less 

good between parameters of other molecular groups. Indeed, it is straightforward to 

compare nitrenes to phosphinidenes, as most of them have a triplet ground state and 

thereby their spin-donicity is proportional to each other. In the case of silylenes and 

germylenes, as they have all a singlet ground state and proportional singlet-triplet 

gaps, their spin-philicity indices turn out to be comparable.  

A question arises, however, which index could be considered as the most 

appropriate for comparison in the case of carbenes. As seen from Table 2, when the 
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spin-philicity and spin-donicity indices of carbenes, silylenes and germylenes are 

compared, the resulting correlations are rather weak. The correlation between the 

spin-philicity indices of carbenes, silylenes and germylenes with the spin-donicity of 

nitrenes and phosphinidenes is somewhat better than that of their spin-donicity, and 

the R2 value of the regression decreases in the sequence: carbenes  > silylenes > 

germylenes order. Since the stability of the singlet R1-X-R2 form increases with the 

increasing atomic number of the central X atom of carbenes, silylenes and 

germylenes, these compounds become more and more different from the triplet 

ground state nitrenes and phosphinidenes. Presumably this offers a certain explanation 

for the unexpected similarity between nitrenes and carbenes. These two molecular 

groups can have both singlet and triplet ground states. But when going down in the 

Group 14, the stability of the singlet R1-X-R2 form increases. On the contrary, in the 

15th column, the trend is actually reversed, that is, the triplet state of R-Y becomes 

more stable with the increasing atomic number of the terminal Y atom. As a 

consequence, the difference is wider between the compounds of the two main groups 

in going down in the Periodic Table.  

4.1.3 Lewis acid and Lewis base character of silylenes and germylenes 

A characteristic feature of silylenes and germylenes (also of carbenes) the empty p-

type orbital and the s-type lone pair located on the central atom, which could give rise 

to electrophilic and nucleophilic properties of the same center within one molecule. 

However, transient silylenes show only electrophilic, while the stable silylenes show 

nucleophilic properties. The nucleophilic character of stable species is supported by 

the formation of complexes such as 6131 and by the formation of metal-silylene 

complexes such as 7132.  

 

N
Si  

N

t-Bu

t-Bu

B
C6F5

C6F5C6F5

SiR2

6

Base

LnM

7  
 



 58

Bharatam et al. investigated the electrophilic and nucleophilic character of 

silylenes by natural bond orbital analysis (NPA) and charge decomposition analysis 

(CDA)133. The examination of the complexes of H2Si with NH3, CO and CNH, led to 

the conclusion that the interaction is mainly of coordination type, and during the 

coordination the H2Si plane remains unperturbed. Their results confirmed that H2Si 

was not nucleophilic, but its nucleophilicity could be triggered by addition of Lewis 

bases, as it decreases the electron deficiency of the silicon empty 3p orbital, and 

increases the energy of the silicon lone pair. This increased nucleophilicity is 

supported experimentally, as the complex of H3N: and SiH2 inserts into the H3C-Cl 

bond in an SN2 mechanism rather than in an electrophilic path134.   

 Although, there has been much experimental work done on the electrophilic 

and nucleophilic character of silylenes, it would be useful if one could quantify 

electrophilicity and nucleophilicity. So far, no such scale has been proposed for 

silylenes, although, several scales exist for the similar carbenes. Pérez135 found good 

qualitative agreement using the local electrophilicity index136 between the theoretical 

and experimental philicity of carbenes. She compared the local and global 

electrophilicity of singlet carbenes to the experimental Moss scale137, which is based 

on a kinetic model of the carbene addition to simple alkenes. Mendez and Garcia-

Garibay41 applied the electronegativity equalization principle for the reaction of 

sixteen carbenes with four alkenes, and found that the trends in electron donation 

between the various carbenes and alkenes correlate well with the Moss-scale. The 

disadvantage of the Moss-scale is that it can only be applied to singlet carbenes, and 

therefore Sander et al. have set up a two-dimensional scale for the electrophilicity of 

carbenes138, which can be used for singlet as well as triplet carbenes.  

In our work we study the Lewis acid and base character of singlet silylenes, 

using DFT based indices in order to determine their properties and analyze their acid-

base interactions. We try to set up a theoretical scale to predict the electrophilicity and 

nucleophilicity of silylenes, which implies the probing of the electrophilic and 

nucleophilic properties of the silicon atom in different regions in space. We 

investigate the properties of singlet germylenes in a similar manner to that of 

silylenes, in order to be able to discuss the similarities and differences of these two 
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groups of molecules, and to get a better overall understanding of the divalent 

compounds of the Group 14 elements.   

 As the Si atom may react with Lewis bases through its empty orbital, and with 

Lewis acids with its lone pair, we determined the electrostatic potential in two points 

around the silylene molecule. When a nucleophile attacks a silylene, it approaches 

perpendicular to the plane of the silylene from the direction of the empty p-orbital 

localized on the Si; therefore the electrostatic potential has been calculated 2Å above 

the Si atom perpendicular to the plane of silylenes. (Point A in Scheme 10.).  

Although, the use of the electrostatic potential for a nucleophilic attack is not 

straightforward and must be treated with caution, it can in most cases be assumed that 

regions with a small probability for an electrophilic attack have a high probability for 

a nucleophilic attack.139  To investigate the Lewis base character of silylenes, the 

minimum of the electrostatic potential has been determined in the lone pair region of 

the Si atom. (Point B in Scheme 10.) 
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Scheme 10 

 

As the ground state of most silylenes and germylenes is singlet, therefore all 

structures treated in this work were fully optimized in their singlet states at the B3LYP 

level of theory with the 6-311+G(d,p) basis set140 using the Gaussian 03 program. We 

compared the B3LYP reaction energies of the complexation of silylenes with NH3 and 

PH3 with CBS-Q reaction energies. In the CBS-Q reaction energies, no correction for 

basis set superposition error is necessary. It turned out that the correlation between the 

reaction energies calculated at the CBS-Q and B3LYP levels is excellent both in the 

case of NH3 and PH3  (R2=0.99 and 0.98 respectively), so the further calculations were 

performed only at the B3LYP level. Atomic charges (NPA) were computed at the 

B3LYP/ 6-311+G(d,p) level.   
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(a) Electrophilicity of silylenes and germylenes 

In Table 3 the calculated interaction energies of the different silylenes with the 

Lewis bases NH3, PH3 and AsH3 are listed, together with some selected DFT 

reactivity indices of these silylenes. Table A7 contains the same quantities for the 

germylenes wih the same Lewis bases. Thorough investigation of the reaction energies 

reveals that silylenes and germylenes react with the Lewis bases in a similar way: the 

correlation coefficient of the fit between the complexation energies of silylenes and 

germylenes with NH3, 3NH
SiE∆ and 3NH

GeE∆ , amounts to 0.949. The correlation 

coefficient of the fit between the complexation energies of silylenes and germylenes 

with PH3, 3PH
SiE∆ - 3PH

GeE∆ , is 0.974. This very good linear correlation between the 

reaction energies of silylenes and germylenes with the same Lewis base indicates that 

these are similarly controlled. 

The interaction of silylenes (and germylenes) with NH3 and PH3 is however 

different. If one plots 3NH
SiE∆  against 3PH

SiE∆ , a correlation coefficient of 0.72 is 

obtained, while for the germylenes, the plot of 3NH
GeE∆ against 3PH

GeE∆ results in a r2 

value of 0.66. This suggests that the interaction of the harder Lewis base NH3 with 

silylenes is unrelated to the interaction of the softer Lewis base PH3 with the same 

compounds. However, the difference between the interaction of PH3 and AsH3 is 

negligible, the correlation coefficient between the reaction energies of PH3 and AsH3 

with silylenes amounting to 0.99. From the data it is evident that silylenes and 

germylenes react very similarly and therefore one can assume that germylenes would 

show the same reactivity towards AsH3 as toward PH3.  This different behavior of 

NH3 in comparison with PH3 (and AsH3) combined with the similar properties of PH3 

and AsH3 is in accordance with a typical observation in the elements of the p-block, 

often exhibiting quite different behavior of the first row elements as compared with 

their heavier analogues that are more similar.  The difference in our particular case is 

most probably due to the well-known fact that the donor atom in NH3 is sp3 

hybridized and thus contains the lone–pair in a sp3 orbital, whereas the donor atoms in 

PH3 and AsH3 possess an s-type lone pair.  Further analysis of the reaction energies 

shows that the interaction is the most favorable with NH3 in nearly all cases and 
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becomes less favorable (i.e. less negative reaction energies) when the Lewis bases 

become softer.  

In the next part, we applied conceptual DFT reactivity indices in order to better 

understand the nature of interaction in these complexes. According to the softness 

matching principle, in the case of the orbital-controlled reactions, the reaction is the 

most favorable, when the difference is smallest between the local softness of the donor 

and the acceptor atoms. However, it turns out that this procedure is unsuccessful in 

explaining the trends of the complexation energies and the correlation does not 

improve when the interaction of the softest acid and the softest base are considered. 

Finally, it was found that the approximation of the interaction energy according to eq. 

(30) between the species A and B in an orbital-controlled reaction, put forward by 

Gazquez et al.107, does not yield any correlation between the estimated reaction energy 

and the calculated reaction energy using the global or the local softness of the reacting 

partners. The failure of eq. (30) probably follows from the fact that in silylenes there 

is a lone pair and an empty orbital localized on the silicon (germanium) in silylenes 

(germylenes). Therefore, the reactivity of these species should be investigated at the 

local level, avoiding the condensation of properties to atoms.  This statement is 

supported by the fact that during the H2Si + NH3 reaction, the H2Si moiety of the 

reacting molecules remains unperturbed indicating that local effects dominate the 

observed reactivity trends133.  

All of these findings suggest that these Lewis acid-base complexation reactions 

are mainly charge-controlled. We estimate the local hardness of the molecule in the 

valence region by the (total) electrostatic potential.  This quantity is computed at a 

distance of 2 Å from the Si or Ge atom respectively (see Scheme 10), perpendicular to 

the plane formed by this atom and the first atoms of the two substituents (the 

numerical value of the electrostatic potential at this point is denoted as VA).  Figure 10 

shows the correlation of the electrostatic potential with the interaction energy of 

silylenes with NH3 (see Figure A6 for the same plot of germylenes).  In both cases, the 

electrostatic potential in the region of the empty p-orbital of the divalent species 

correlates linearly with their interaction energy with the hard base NH3. The quality of 

this correlation diminishes progressively as one goes from NH3 to the softer bases PH3 

and AsH3.   
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Figure 10 Electrostatic potential calculated at Point A (VA) vs. the reaction energy ∆E (in 

kcal/mol) of silylenes with NH3 (molecules 1,3-7,9-22,26-27 from Table A1) SiF2 (18)and SiCl2 (19) 

are shown but excluded from the fit). 

 

Surprisingly, the electrostatic potential values of the halogen and dihalogen 

substituted species (HSiF, SiF2, HSiCl, SiCl2) are almost equal, whereas the 

interaction energies of these molecules somewhat differ, therefore we excluded them 

from the fit. The correlation between the local hardness descriptor for silylenes and 

germylenes and the interaction energies decreases when the hardness of the Lewis 

base decreases.  It can thus be invoked that this reaction is essentially a charge-

controlled interaction. 

The energetics of this complexation reaction between Lewis acid and base can 

however be separated into two main parts: a perturbation of the species in their 

number of electrons, corresponding to an electronic reorganization and a perturbation 

in their external potential due to the geometry relaxation. The geometry of NH3 hardly 

changes during the reaction, but the pyramidalization degree of P in PH3 decreases 

from 52.1º to 47.9º and of the As in AsH3 deceases from 53.1º to 48.6º. We estimated 

the energy gain due to geometry relaxation by computing the reaction energies when 

the geometries of silylenes and PH3 were kept fixed at the geometry of the free 

molecules. In the case of arsenic, similar results are to be expected. We optimized the 

distance between the interacting atoms in the acid and base. The calculated interaction 

energies are tabulated in Table 3. In all cases, the interaction energies are only 2-3 

kcal/mol less favorable than upon geometry relaxation.   
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Table 3 Calculated interaction energies (in kcal/mol) of differently substituted silylenes with NH3, 

PH3, AsH3. Fukui function on silicon for nucleophilic attack ( +
Sif ), global (S) and local ( +

Sis ) 

softness, electrophilicity(ω ), local electrophilicity on silicon ( +
Siω ), global electrostatic potential 

(VA) and its electronic part (VA,el) calculated in Point A, (interaction energies at the CBS-Q level 

are in brackets; values of +
Sif , S, +

Sis , ω , +
Siω , VA, VA,el in au) 

Molecule 
3NH

SiE∆
 

3PH
SiE∆  
 

3PH
SiE∆

fixed 

3AsH
SiE∆

 

+
Sif  
 

S 
 

+
Sis  
 

ω  
 

+
Siω
 

VA 
 N

V el,A

2
−

 
HSiH -26.75 

(-24.07) 
-21.86 
(-22.4) -20.34 -18.14 1.032

§ 3.27 3.37 0.12 0.13 0.069 0.253 

HSiBeH -25.36 
(-23.79) 

-26.44 
(-29.2) -24.70 -22.30 0.926 4.01 3.72 0.14 0.13 0.069 0.234 

HSiCH3 
-21.89 
(-20.91) 

-15.25 
(-16.66) -12.42 -11.71 0.912 3.40 3.10 0.10 0.09 0.060 0.230 

HSiNH2 
-9.55 
(- 9.00) 

-2.22 
(-2.88) * -1.29 0.857 3.01 2.58 0.08 0.07 0.033 0.234 

HSiOH -16.70 
(-15.05) -6.301() -5.20 -4.30 0.915 3.10 2.83 0.09 0.09 0.052 0.236 

HSiF -22.52 
(-19.67) 

-11.37 
(-10.56) -9.54 -8.73 0.954 3.03 2.89 0.12 0.11 0.069 0.237 

HSiMgH -23.19 
(-21.96) 

-25.33 
(-29.10) -23.94 -21.43 0.856 4.56 3.90 0.13 0.11 0.067 0.209 

HSiAlH2 
-26.57 
(-26.12) 

-24.67 
(-29.07) -22.12 -20.46 0.869 4.02 3.49 0.13 0.11 0.067 0.209 

HSiSiH3† -26.99 
(-26.56) 

-22.77 
(-26.70) -20.36 -18.81 0.863 3.76 3.25 0.14 0.12 0.071 0.207 

HSiPH2 
-21.44 
(-21.04) 

-13.46 
(-17.21) -8.74 -9.98 0.773 3.48 2.69 0.11 0.09 0.052 0.214 

HSiSH -20.05 
(-18.99) 

-10.28 
(-12.62) -6.33 -7.65 0.787 3.16 2.49 0.11 0.09 0.051 0.215 

HSiCl -23.95 
(-22.31) 

-13.21 
(-14.47) -10.91 -10.03 0.858 3.25 2.79 0.13 0.11 0.068 0.217 

Si(NH2)2 
-0.56 
(-1.67) * * * 0.807 2.75 2.22 0.06 0.05 0.013 0.224 

Si(OH) 2 
-7.94 
(-7.05) 

† 
(-1.52) * * 0.867 2.66 2.31 0.08 0.07 0.039 0.227 

Si(SH) 2 
-11.96 
(-12.34) 

† 
 (-3.37) -0.74 * 0.655 3.20 2.10 0.10 0.07 0.043 0.202 

SiF2 
-17.45 
(-14.25) 

-3.85 
(-3.21) -3.18 -2.62 0.918 2.48 2.28 0.12 0.11 0.068 0.229 

SiCl2 
-20.48 
(-19.97) 

-5.93 
(-8.25) -3.83 -3.72 0.751 3.03 2.27 0.13 0.10 0.068 0.205 

H2NSiOH -4.35 
(-4.17) * * * 0.830 2.76 2.29 0.07 0.06 0.025 0.225 

H2NSiSH -6.04 
(-6.57) 

-0.15 
(*) * * 0.703 2.95 2.07 0.08 0.05 0.030 0.211 

HOSiSH -10.67 
(-10.45) * -0.76 * 0.752 2.94 2.21 0.09 0.07 0.043 0.212 

1 * * * * 0.747 3.17 2.37 0.05 0.04 0.004 0.203 

2 * * * * 0.792 3.00 2.38 0.06 0.05 0.013 0.195 

4 -2.29 * * * 0.649 3.17 2.06 0.07 0.05 0.019 0.191 

5 -1.98 * * * 0.523 3.22 1.68 0.07 0.04 0.013 0.201 

* no stable complex has been found † no stable complex has been found at the B3LYP level  
§ +

Sif is larger than one and +
Hf is negative ( +

Hf =-0.016 au) 
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This uniform trend proves that effects of geometry relaxation are not 

responsible for the decrease of the correlation between the local hardness descriptor 

and complexation energies in the case of the silylene + PH3 and AsH3 complexation 

reactions.  

In the literature the electronic part of the electrostatic potential, divided by 

twice the number of electrons of the system −
1

2N
V el (r)  has been used as another 

approximation of the local hardness141. The calculated values for silylenes are 

collected in Table 3 and in Table A7 for germylenes. The correlation of these values 

with the interaction energies is poor, suggesting that in this case, the total electrostatic 

potential is a more suited approximation for the local hardness.  

In these complexation reactions, silylenes (and germylenes) readily interacting 

with Lewis bases, can be considered to be electrophilic.  We therefore computed the 

electrophilicity index, ω for these compounds111, and correlated these values with the 

interaction energies with the different bases.  As can be seen from Figure 11 a very 

good correlation emerges between ω for silylenes and their interaction energies with 

the hardest base NH3.  Also, the local electrophilicity, introduced by Domingo et 

al.136, computed on the acceptor atom of the Lewis acid (i.e. on Si or on Ge), turns out 

to be a good indicator of the reactivity of silylenes with hard Lewis bases.  
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Figure 11 Global (ω) and local (ωSi) electrophilicity of silylenes vs. the reaction energy (∆E in 

kcal/mol) of the complexation reaction with NH3  (molecules 1,3-7,9-22,26-27 from Table A1) 
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In the case of the reactions with PH3 and AsH3, a poorer correlation between 

the electrophilicity index and the interaction energies is observed, which can, as was 

already discussed in this contribution, probably be attributed to the important 

geometry relaxation when the Lewis acid-base complexes are formed.   

 

(b) Nucleophilicity of silylenes 

The nucleophilic character of silylenes was examined through studying their 

complexes with two representative Lewis acids: BH3 and AlH3.  As the electrophilic 

character of the germylenes turned out to be largely parallel to the behaviour of 

silylenes, only the latter were considered in this part. As it was mentioned in the 

introduction, the nucleophilicity of silylenes can be triggered by the addition of Lewis 

bases, therefore we examined the reactions of the (H2Si + NH3) and  (H2Si + 2NH3) 

complexes with BH3 and AlH3. 

As Table 4 demonstrates most of silylenes do not form stable complexes with 

BH3 and AlH3. In the case of the reaction with BH3 the formal silylene-BH3 complex 

is a saddle point on the PES, and the IRC calculations lead to a stable product in 

which one of the H is in bridging position between the Si and B atoms.  Scheme 4 

depicts a possible explanation of the reaction. It is well-known that boron hydrides 

(e.g. B2H6) as well as silicon hydrides  (e.g. Si2H2
142, Si2H4

143) prefer forming bridged 

compounds, which contain three centered two electron bonds. The silylene+BH3 

reaction allows the formation of similar compounds; the silicon lone pair overlaps 

with the empty orbital of the boron and as a result the electronic population of boron 

increases. The electrons flow towards the hydrogens, which in turn prefer to interact 

with the empty orbital localized on the silicon. 
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Scheme 11  
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Table 4 Calculated interaction energies (in kcal/mol) of the differently substituted silylenes with 

BH3 and AlH3, the minimum in the electrostatic potential (Vmin, in au) in the lone pair region of 

silylenes is also given.  

Substituent 3BH
SiE∆  3AlH

SiE∆  Vmin 

HSiH * * -0.033 

HSiBeH * * -0.039 

HSiCH3 * * -0.042 

HSiNH2 * -17.62 -0.043 

HSiOH * * -0.029 

HSiF * * -0.016 

HSiMgH * * -0.040 

HSiAlH2 * * -0.030 

HSiSiH3† * * -0.028 

HSiPH2 * * -0.028 

HSiSH * * -0.027 

HSiCl * * -0.014 

Si(NH2)2 -30.33 -17.73 -0.047 

Si(OH) 2 -24.26 -12.20 -0.020 

Si(SH) 2 -24.13 -12.07 -0.010 

H2NSiOH -25.43 -12.93 -0.033 

H2NSiSH -26.57 -14.30 -0.025 

HOSiSH -24.75 -11.69 -0.015 

1 -23.86 -14.14 -0.037 

2 -27.95 -16.21 -0.043 

4 -21.77 -12.09 -0.024 

5 * -18.96 -0.048 

HSiH+NH3 -40.77 -30.03 -0.081 

HSiH+2NH3 -46.24 -36.31 -0.098 

* no stable complex has been found  

 

If R1 and/or R2 substituents donate electrons to this empty orbital (e.g. in 1), 

the interaction with the hydrogen becomes unfavorable, thus no bridged species but a 

classical Lewis base-Lewis acid complex will be formed. These silylenes have been 

previously shown to be more stable by isodesmic reactions than the monosubstituted 

silylenes, so this result confirms the presumptions that only the stable silylenes are 
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nucleophilic. From these results, it can be concluded that the lone pair of the silylene 

will only show nucleophilic character if the 3p orbital of the silicon is filled with 

electrons. The strength of the interaction between BH3 and the nucleophilic silylenes 

is well-predicted by the minimum of the electrostatic potential (Vmin) calculated in the 

lone pair (Figure 12.). Both the interaction energies and the Gibbs free energies 

correlate linearly with Vmin. The ∆G values are larger by 11-13 kcal/mol than the ∆E 

values, which is in accordance with the decrease of the entropy of the system during 

complexation compared to the free molecules. 
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Figure 12 Reaction energies (∆E) and Gibbs free energies (∆G) (in kcal/mol) of the complexation 

of silylenes with BH3 plotted against the minimum of the electrostatic potential (Vmin, in au) 

(molecules 5,3-7,15-17,20-24,26-27 from Table A1 and HSiH+NH3, HSiH+2NH3) The 

disubstituted species are shown, but not included in the fit.  

 

  The interaction energy of the disubstituted species depends much less on the 

electrostatic potential. Previously it was shown by isodesmic reaction energies, that 

the effect of the second NH2, SH group is much smaller on the stability of the 

silylene32, and it was explained by the saturation of the silicon empty orbital with 

electrons. This implies that the “electrophilicity of the empty orbital” influences the 

nucleophilicity of the silylene.  This relationship between the nucleophilicity and 

electrophilicity is clearly demonstrated in Figure A7, showing that VA linearly 

correlates with Vmin in the case of the ambiphilic (disubstituted) silylenes.  

∆E 

∆G 
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The reaction of silylenes with the softer acid AlH3 shows similar trends as in 

the case of BH3 (see Figure A8). However, the compounds, which preferred to form 

bridged species with BH3, rearrange during the optimization to the classical tetravalent 

silicon compound, in which the aluminum is trivalent. This also means that these 

compounds do not act as Lewis bases against AlH3 and do not show nucleophilic 

character. The compounds, which formed Lewis base-Lewis acid complex with BH3, 

form a complex with AlH3 as well and the interaction energy is generally 11 kcal/mol 

lower.  

 

4.1.4 Relationship between spin-philicity / spin-donicity and electrophilicity / 

nucleophilicity indices 

In the previous sections, the spin related and non-spin related indices of 

carbenoid compounds have been analyzed independently. Our conclusions form the 

starting point for this comparison. We have demonstrated, (1) that the spin-philicity 

and spin-donicity of the molecules is directly related to the vertical singlet-triplet gap, 

i.e. the indices decrease (in absolute value) with increasing singlet-triplet gap; (2) the 

electrophilicity index correctly predicts the decrease of the electrophilicity of the 

molecule if π-electron donating substituents are present.  (3) we used the minimum of 

the electrostatic potential in the lone pair region of the silylene as a measure of its 

nucleophilicity. However, it became evident that this parameter alone is not enough to 

estimate the nucleophilicity of the molecule. (4) From earlier studies it is known, that 

π-electron donating substituents increase the singlet-triplet gap. These results point 

into the direction of connection between the spin-philic/spin-donic and 

electrophilic/nucleophilic character and the stability of the molecules. Here, we 

investigate this question by comparing all values calculated in the previous chapters. 

Furthermore, we include in this comparison the spin-philicity and spin-donicity values 

presented by Pérez on small diatomic molecules (Table A8)116. 

Figure 13 depicts the electrophilicity values for silylenes, germylenes, nitrenes 

and phosphinidenes as a function of the adiabatic singlet-triplet gap, which is  measure 

of the stabiltity of the molecule. The electrophilicity is calculated in the ground state 

of the molecule, so for silylenes, germylenes in the singlet state and for most nitrenes 
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and phosphinidenes in the triplet state. A clear decreasing tendency of the 

electrophilicity of singlet molecules is observed with the increasing singlet-triplet gap, 

but for the triplet molecules the tendency is much less clear cut. The decrease of 

electrophilicity for singlet molecules is in accordance with the experimental results. 

The experiments show that with increasing stability of the singlet state of these 

molecules, their electrophilic character weakens.  
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Figure 13 Electrophilicity, ω vs. the adiabatic singlet-triplet ∆Es-t gap for silylenes (molecules 1,3-

7,9-22,26-27) germylenes (molecules 54,56-60,62-70,73-75) and nitrenes (molecules 104,105,107-

109,111-113), phosphinidenes (molecules 114-119,21-123 from Table A1). 

. 

The nucleophilicity, either investigated as the electrostatic potential value in 

the lone pair of the silylene or as the interaction energy with BH3, did not show any 

correlation with the adiabatic singlet-triplet energy gap for silylenes. However, in the 

sense that molecules with low singlet state stability (small ∆Ead) did not form Lewis 

acid-base complexes with BH3, and the more stable ones did (resulting in a “step 

function”-like curve), this result joins the experimental findings, that only the stable 

silylenes show nucleophilic character.  There are three outliers in this “step function” 

corresponding to the halogenated species SiF2 and SiCl2 and 5. 

In Figure 14, the spin-philicity for singlet ground state molecules and spin-

donicity for triplet molecules are shown as a function of the adiabatic singlet-triplet 

gap. Previously, these values have been plotted against the vertical singlet-triplet 
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energy gap. The spin-donicity index becomes less negative with decreasing stability of 

the triplet state, i.e. it has the tendency to donate spins. On the contrary, the spin-

philicity index decreases with increasing stability of the singlet state. All the spin-

philicity values (including the diatomic inorganic molecules) available up to date 

correlate linearly with the adiabatic singlet-triplet gap independent of their ground 

state (R2=0.831). This emphasizes that the spin-philicity and spin-donicity values 

depend primarily on the energy separation between the states involved in the spin 

change and not on other molecular properties.  
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Figure 14  Spin-philicity Sω+  and spin-donicity Sω−  vs. the adiabatic singlet-triplet gap ∆Es-t for 

carbenes (+, molecules 28-37,39-53 from Table A1), silylenes (♦, molecules 1-24,26-27 from Table 

A1), germylenes (-, molecules 54-63, 65-79 from Table A1), nitrenes (▲, molecules 104-113 from 

Table A1), phosphinidenes (*,molecules 114-123 from Table A1) and molecules by Pérez in [Ref. 

116] ( , Table A8). 

 

The dependence of electrophilicity and spin-philicity/spin-donicity on the 

singlet-triplet energy separation suggests a possible correlation between these indices. 

As can be seen from Figure 15, a reasonable correlation is found if these two 

quantities are plotted against each-other.  This correlation suggests that the “need” for 

electrons, as probed by the electrophilicity concept, is accompanied by an increasing 

tendency for spin polarization.  This can be explained as follows.  When the divalent 
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compound possesses a low electrophilicity, this suggests a considerable population of 

the empty 3p (in the case of silylenes) or 4p (in the case of the germylenes) atomic 

orbitals on the divalent atom, since these are preferentially used in the interaction with 

a nucleophile.  As a result, this orbital is less accessible for use in the spin polarization 

process, transferring one of the two paired electrons in the sp2 hybridized divalent 

atom to the empty p orbital, resulting in two electrons with parallel spins, one in the 

sp2 orbital and one in the previously empty p orbital.  This also explains the fact why 

molecules without π-electron donating substituents have a large spin-philicity (small 

negative value), as the possibility to perform a spin polarization from a singlet to a 

triplet state is indeed coupled with the availability of the “empty” 3p or 4p atomic 

orbital.   
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Figure 15 Spin-philicity Sω+  vs. electrophilicity ω for silylenes (molecules 1,3-7,9-22,26-27 from 

Table A1) and germylenes (molecules 54,56-60,62-70,73-75 from Table A1). 
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4.2 Relationship between the stability and dimerization ability of 

silylenes (Publication 5) 

In 2000, a paper was published by our group, in which an excellent linear 

correlation was found between the electronic effects stabilizing the carbenes and the 

dimerization energies in case of (sterically-not hindered) carbenes144. This also meant 

that one can predict the stability of an unknown carbene with the computation of a 

simple isodesmic reaction, e.g. such as (1). As carbenes and silylenes possess a lot of 

common properties, we try to answer the question whether the same correlation exists 

between the stability and dimerization ability of silylenes. We investigate whether the 

strategy used for carbenes could be used to predict the stability of unknown silylenes, 

too. However, it was already known in the beginning, that the dimerization processes 

of silylenes are much more complicated than that of carbenes. In the case of carbenes, 

the product is always a stable, substituted ethene, while for silylenes several products 

are feasible. Part of the difficulty arises from the reduced stability of the most evident 

product, the disilene. As its stability is considerably smaller than that of the ethene 

derivatives, it easily participates in further reactions, e.g. in isomerization and 

polymerization reactions. However, the major part of the complications arises from 

the several dimerization routes of silylenes with π-electron donating substituents. As it 

was described in the introduction, at least two path exist (see Scheme 3) leading to a 

disilene and a bridged dimer, respectively, and the two channel compete with each 

other. Furthermore, existence of channels, yet unknown, cannot be excluded.  

The calculations were performed at the B3LYP and MP2 levels of theory using 

the 6-31G(D) and 6-311+G(2D) basis sets (in the tables, the MP2/6-311+G(2D) are 

displayed in brackets). The stabilization energy of silylenes has been calculated 

according to (1). As expected, among the monosubstituted derivatives the largest 

stabilization is found by the R = NH2 and SH groups. Disubstitution increases the 

stabilization. The effect of the second substituent is larger for OH, F and Cl and 

smaller for NH2 and SH than that of the first one. The results suggest that the main 

stabilization effect is the saturation of the empty p orbital of silicon which may reach a 

maximum value. Similar trend was observed for carbenes144. Compounds 1-5 which 

proved experimentally to be stable, have much larger stabilization energy than all the 
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other compounds. The only exception is 3, which may indicate that the SiMe3 groups 

present in the isolated compound stabilize the silylene much more effectively than the 

silyl-groups used in our calculations and this stabilization is not only due to the large 

steric requirements of the SiMe3 groups. 

 

Table 5 Isodesmic reaction energies (∆Ei), dimerization energies (∆Edim), Gibbs free energies and  

singlet-triplet energy differences (∆Es-t) + 

 ∆Εi ∆Es-t ∆Edim disilene 
∆Gdim 

disilene 
∆Edim bridged 

HSiH 0.0 (0.0)  20.1 (14.3)  -61.2 (-64.8) -47.7 * 

HSiLi -16.9 (-15.2)  -23.8 (-28.5) -115.0(-122.0) -103.8 * 

HSiBeH -1.1 (-0.4) -0.003 (-4.5) -83.1 (-88.9) -68.8 * 

HSiCH3 0.9 (0.2)  22.3 (17.5)  -57.5 (-62.8) -42.5 * 

HSiNH2  23.1 (20.9)  41.0 (37.3)  -20.3 (-23.0) -8.9 -29.8 (-32.9) 

HSiOH  15.8 (14.2) 39.9 (35.0)  -28.6 (-30.2) -16.5 -24.7 (-24.6) 

HSiF 9.6(8.6)  39.1 (33.0)  -36.4 (-35.1) -22.6 -21.2 (-14.9) 

HSiNa 2.6(1.6)  -3.8 (-11.6) -85.3(-101.3) -71.1 * 

HSiMgH 0.8(0.8) -0.7 (-6.7)  -81.8 (-91.4) -68.1 * 

HSiAlH2 3.7(3.3) 3.9 (-1.2)  -75.5 (-84.5) -60.7 * 

HSiSiH3 1.6(1.1) 13.5 (8.1)  -66.4 (-74.7) -51.0 * 

HSiPH2  10.7 (9.1)  22.4 (18.4) -44.1 (-52.6) -31.2 -41.4 (-50.9) 

HSiSH 20.2 (19.0) 35.6 (32.0)  -24.0 (-29.0) -12.5 -15.4 (-25.2) 

HSiCl 12.0 (10.5) 33.7 (29.2) -35.4 (-39.6) -22.0 -12.6 (-18.8) 

Si(NH2)2  31.0 (28.9) 55. 6(54.1) -  -13.7 (-16.6) 

Si(OH)2  29.5 (28.6) 65.5 (62.6) -  -12.8 (-11.0) 

Si(SH)2 28.4 (27.1) 41.8 (40.6) -9.1 (-16.9) 2.0  -4.0 (-14.6) 

SiF2
 24.7 (23.5)  75.6 (67.9)  -6.56 (-1.6) 5.0 -11.1 (-2.8) 

SiCl2 25. 5(23.1) 53.0 (49.7)  -10.3 (-14.2) 1.4 -1.1 (-7.6) 

NH2SiOH 29.5 (28.7)  60.1 (58.3)  -0.6(1.5) 8.8 -19.4 (-21.6) 

NH2SiSH 31.5 (29.9)  50.1 (48.9) -2.5 (-5.7) 7.8 -20.6 (-25.5) 

OHSiSH  25.0 (23.1) 49.0 (46.4)  -11.8 (-15.4) -0.3 -18.5 (-20.2) 

1 51.47  59.3 (67.0) - - - 

2 38.86  75.5 (71.1) -1.8 8.9 -14.3 

3 13.31 32.4 -29.9 -8.3a * 

4 46.36  56.5 (64.5) - - 12.2 

5 35.84 60.3 (61.4) -3.9 6.8 22.2 
+ at the B3LYP/6-31G(D) and MP2/6-311+G(2D) (in brackets) level of theory. Data in kcal/mol. 
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*: bridged dimer was not considered; -: no dimer was found; a at the B3LYP/3-21G(d) level 
The saturation effect is not observed in the singlet-triplet energy differences 

(∆Es-t). This quantity, as noted before, strongly depends on the calculational method, 

but as the source of error does not change with substitution, it is expected that they 

show the correct trends. From the data it is obvious that the isodesmic reaction 

energies and ∆Es-t  values are interrelated. It is interesting that 1, which is more stable 

thanks to its aromaticity than 2, has a smaller ∆Es-t  than 2 at both levels of theory.        

In Figure 16 the energy of the isodesmic reaction (1) is plotted against the 

silylene dimerization energy and dimerization Gibbs free energy (Path 1). The two 

curves run parallel. Due to the entropy factor the Gibbs free energies are larger than 

the dimerization energies. The correlation is somewhat worse than in the case of 

carbenes144. Three different regions can be separated in the plot. The first region 

consists of silylenes with triplet ground state (∆Εi<4kcal/mol). These compounds have 

an isodesmic energy close to zero (except for Li, where ∆Εi=-16.9kcal/mol). In the 

following region, between ∆Εi=4 and 35 kcal/mol, the dimerization energy (and the 

dimerization Gibbs free energy) changes linearly with the isodesmic reaction energy. 

The correlation coefficient calculated for this region is R2=0.97 for both values (MP2: 

R2=0.91). The third region of the diagram above ∆ΕI=35kcal/mol consists of the 

highly stable silylenes. In this part the curve is getting flat, the dimerization energy is 

close to zero while the dimerization Gibbs free energy is positive i.e. the dimerization 

process is thermodynamically not allowed.  We could not find doubly bonded isomers 

in the case of 1 and 5. In the case of 2 the dimer possess a very long Si=Si distance.   

The singlet-triplet energy separation correlates well with the dimerization 

energy (Figure 17). The correlation is somewhat better for the MP2 results (R2=0.99) 

than for the B3LYP data (R2=0.97), and better than that found between the isodesmic 

reaction energy and the dimerization energy. Also in this case the highly stable 

silylenes make the curve flat (they were omitted from the correlation). Silylenes with 

triplet ground state lie, however, on the line as this correlation takes the ground state 

of the molecules into consideration. Similar observation was reported by Karni and 

Apeloig145.  

As it was mentioned, Apeloig suggested that bridged dimers could be formed 

in the case of substituents having lone pairs61. (Although, several bridged structures 
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can be found on the potential surfaces of H, Li, Na, MgH, and AlH2 substituted 

dimers, they are excluded from this discussion, since their electronic structure is 

essentially different from that of the investigated potentially stable molecules.). We 

considered bridged dimers of NH2, OH, F, PH2, SH and Cl-mono and disubstituted 

silylenes. Besides the homo-disubstituted silylenes we examined some 

heterodisubstituted species: RR’Si where R, R’=NH2, OH, SH. From these several 

dimers can be formed which are all real minima on the PES (see Table 6). As 

expected, the (µ-NH2)2-bridged dimers are the lowest in energy and the (µ-SH)2-

bridged are the highest. 
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Figure 16 Isodesmic reaction energy (kcal/mol) (▲) and Gibbs free energy (kcal/mol) (♦) vs. the 

dimerization energy (kcal/mol) at the B3LYP/6-31G(D) level (Path 1) (molecules 1-27 in Table 

A1) 
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Figure 17 Singlet-triplet energy separation (kcal/mol) vs. the dimerization energy (kcal/mol) at 

the MP2/6-311+G(2D) level (Path 1) (molecules 1-27 in Table A1) 
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The stability of bridged-dimers strongly depends on the bridging substituent 

and on its ability of donating a lone pair to the silicon. This explains why the 

dimerization energy of the mono-substituted silylenes increases in the 

F<Cl<OH<SH<NH2 order (see the dotted line in Figure A9.).  

For the disubstituted silylenes the trend between stability and the dimerization 

energy changes in a similar fashion: with the increasing stability of silylene the 

stability of disilene decreases. However there is no linear relationship between the two 

values. Although for R=NH2, OH and R’=H Apeloig and Müller suggested that the 

reaction is barrierless and concerted61a, our results indicate that the mechanism of the 

bridged-dimer formation may not be a simple one-step reaction for all the cases. Also 

in the case of bulky substituents a barrier might exist along the reaction path, which 

may change the linear correlation between the stability of silylene and its dimer. The 

same is true for the singlet-triplet energy separation and the dimerization energy of 

bridged dimers (Figure A10). Although we can observe a tendency of the smaller 

dimerization energies with increasing ∆Es-t, the correlation is far from linear.  

 
Table 6 Dimerization energies of heterodisubstituted silylenes  

Silylene/ 

bridging groups 
∆Ei ∆Edim bridged 

NH2SiOH  29.5(28.7)   

(µ-OH)(µ-NH2)  -13.1(-13.6) 

(µ-OH)2  -8.2 (-6.8 ) 

(µ-NH2)2  -19.4(-21.6) 

NH2SiSH  31.5(29.9)  

(µ-SH)(µ-NH2)  -7.1 (-13.8) 

(µ-SH)2
*  -    (-1.5 ) 

(µ-NH2)2  -20.6(-25.5) 

OHSiSH 25.0 (23.1)  

(µ-OH)(µ-SH)  -13.3(-19.1) 

(µ-SH)2  -6.16(-14.5) 

(µ-OH)2  -18.5(-20.2) 

 *no bridged species was found at the B3LYP/6-31G(d) level 
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4.3 Design of a new silylene with a novel structure  

So far, we have studied silylenes which were model compounds of stable 

species and hypothetical compounds which are often used in theoretical works. 

However, the question naturally arises, whether our results, can indeed be used to 

predict the properties and stability of yet unknown silylenes. In this chapter we apply 

our earlier findings to new types of silylenes.  

In 2004, I spent six months in the framework of a bilateral cooperation at the 

University of Antwerp, in the group of Christian Van Alsenoy. One of the research 

areas of the group, led by Dr. Frank Blockhuys is the structure, aromaticity and 

reactivity of N=S=N-S fragment containing molecules. The synthesized derivatives 

include  Roesky’s ketone (5-oxo-1,3,2,4-dithiadiazole)146, 8, several 1,3λ4δ2,2,4-

benzodithiazines147 9, and 5-(η5-cyclopentadienyl)-5-cobalta-1,3,2,4-dithiadiazole148, 

10, in which the ring-closing moiety is the cobalt atom. The aromatic properties of the 

ring essentially depend on the ring closing moiety: 8 and 10 are regarded as aromatic 

and derivatives of 9 as antiaromatic molecules.  
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The N=S=N-S fragment is known as highly electron-rich, therefore it is a good 

π-electron donating group. This gave me the idea to investigate the possibility to use a 

divalent carbon and silicon to close the ring. From the previous studies it is clear, that 

the divalent silicon center can be stabilized by π-electron donating substituents, and 

the N=S=N-S fragment might be very effective in it. To test this hypothesis, we used 

the results of our previous works on silylenes. A few important properties of stable 

silylenes:  

• they do not dimerize, (no dimer exists or the dimer is highly unstable)  
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• large isodesmic interaction energies (∆Hi> 35 kcal/mol) 

• they are nucleophilic: they form Lewis acid-base adducts with BH3  

• they are not electrophilic: they do not form adducts with NH3 (or the adduct 

formation is not energetically favorable) 

• they have a large singlet-triplet energy separation 

We performed calculations on the molecules shown in Figure 18. The set 

includes, 11, the target molecule, its structural isomers,12-14 and also 1 and 2, the 

model molecules of stable silylenes, and similar sulfur substituted species‡. The 

calculations were performed within the context of DFT using the B3LYP hybrid 

functional with the cc-pVTZ basis set. Earlier works have shown, that this functional 

produced good results in the description of 9. In order to estimate the stability of the 

molecules, isodesmic reaction energies (according to (1)), dimerization energies, 

adiabatic singlet-triplet separations and interaction energies with BH3 and NH3 have 

been calculated. The results are compiled in Table 7. Some geometrical parameters of 

the calculated species are shown in Figure 18. The calculated isodesmic reaction 

energies of all the investigated silylenes are above 34 kcal/mol, indicating a 

considerable stabilization. The isodesmic reaction energies of 11, 12 and 13 are 

between that of 1 and 2, whose derivatives have been synthesized. The structure of 14 

is rather peculiar as it has a very long S-N bond length. All investigated molecules 

form Lewis acid-base complexes with BH3 indicating their nucleophilic character, and 

the complexation energy with NH3 is much smaller than the energies calculated for 

transient silylenes. (See chapter 4.1.1.3). Due to the negative entropy factor of these 

complexation reactions, the Gibbs free energy change is positive, thus these molecules 

do not show an electrophilic character.  

As in our earlier work, the singlet-triplet separation turned out to be a good 

indicator of the stability of silylenes, we have examined it. Two of the investigated 

molecules did not exist on the potential energy surface (an N2 fragment broke away 

from the molecule), and 11 and 12, but especially 12 have a surprisingly low singlet-

triplet energy separation compared to their isodesmic reaction energy, their high 

nucleophilicity and low electrophilicity. However, it is possible that these molecules,  

 
‡ We calculated the carbon on germanium analogue of 11, too. The carbene does not exist on the PES, 
while the structure of the germylenes is very similar to the silylene  
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possess some extra stabilization in the triplet state. While the S-S distance of 12 is 

2.132 Å in the singlet state, it increases to 2.467 Å. Furthermore, the NICS(1) value of 

the molecule is -7.8 indicating some aromatic character. A very interesting 

observation is, that the singlet-triplet energy separation of the saturated molecules, is 

always higher than that of the unsaturated i.e. it is larger for 2 than for 1, larger for 16  

than 15, and larger for 17 than 4. This resembles our earlier observations, when we 

compared the isodesmic reaction energies with the singlet-triplet energy separation of 

the molecules in the previous section. 

 
Figure 18 Optimized geometrical parameters of the investigated  silylenes 
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In order to get a better understanding of differences between the structure of 

the investigated silylenes in the triplet state, we calculated the spin density on the 

heavy atoms in silylenes. From Table 8, it is much easier to elucidate the unexpected 

behavior of singlet-triplet energy separations. In carbon containing molecules, the 

largest part of the spin is localized on silicon, especially in the saturated analogues. 

This explains why their singlet-triplet gap is larger than that of the unsaturated ones. 

The spin-density on N2S2 fragment containing molecules is completely delocalized, 

and only a very small part is localized on silicon. As a consequence, the triplet state is 

stabilized compared to the molecules, in which the spin is localized on silicon. This 

explains the discrepancy between the large isodesmic reaction energies of 11 and 12, 

and the relatively small singlet-triplet gap compared to other molecules.  

 
Table 7 Calculated isodesmic reaction energies, dimerization energies, adiabatic singlet-triplet 

separations and interaction energies with BH3 and NH3 (in kcal/mol) for the investigated silylenes 

 11 12 13 14 1 2 15 16 4 17 

∆Hi 40.76 41.82 42.60 38.37 48.54 37.39 41.58 33.97 44.53 36.33 

∆E(BH3) -20.78 -23.11 -15.96 -17.59 -25.52 -29.76 -20.75 -23.74 -23.44 -26.78 

∆E(NH3) -6.56 -2.80 -12.07 a a a -7.23 -9.52 -2.30 -5.08 

Es-t 45.07 23.34 f f 61.08 74.39 54.68 56.14 58.05 65.47 

ρs           

d
dimE∆  a.d 11.19 a.d c a a.d a -6.18 a -3.53 

nn
dimE∆  7.64 -6.22 b c a a b b 16.44 -2.57 

ns
dimE∆  a b b c b b b b 16.77 -1.02 

ss
dimE∆  a b a c b b a -3.69 a a 

d
dimE∆  refers  to the formation of a disilene, the superscript of nn

dimE∆ , ns
dimE∆  and ss

dimE∆ denotes the 
bridging group: n refers to (µ-N) in the case of 11 and 12, and to (µ-NH) in the case of 1, 2, 4 and 17. s 
refers to (µ-S) 
a: the molecule does not exist on the singlet PES 
b: this type of dimer is not feasible 
c: we did not investigate these dimers  
d: although, there is a local minimum on the PES at an Si-Si distance around 2.84 Å, it cannot be 
considered as a disilene, as an average Si-Si single bond is around: 2.3 Å and an Si-Si double bond is 
around: 2.15 Å 
f: the molecule does not exist in triplet state 
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Table 8 Mulliken spin-denisty on the heavy atoms of silylenes in the triplet state 

11 12 13f 14f 1 

N 0.29 N 0.42     C 0.21 

S 0.47 Si 0.20     C 0.21 

N 0.66 N 0.42     N 0.28 

S 0.33 S 0.48     Si 1.03 

Si 0.25 S 0.48     N 0.28 

2 15 16 4 17 

C 0.01 C 0.12 C 0.03 C 0.11 C 0.01 

N 0.16 C 0.12 S 0.19 N 0.23 C 0.02 

Si 1.62 S 0.31 Si 1.52 C 0.29 S 0.24 

N 0.16 Si 1.15 S 0.22 Si 1.03 Si 1.58 

C 0.01 S 0.31 C 0.02 S 0.36 N 0.11 
 fthe molecules does not exist in triplet state 

 

We used NICS(1) values to estimate the aromaticity of silylenes and their derivatives 

(see Table A9 and Figure 19). The NICS(1) values of the investigated silylenes in the 

singlet (ground) state vary between -2.6 and -16.5. The NICS(1) value of the saturated 

analogues (2, 16 and 17) shows a non-aromatic character. The largest NICS(1) values 

are calculated for the 11, 12 ad 13, which contain two sulfur and two nitrogen atoms 

in the ring. The aromaticity of these species as indicated by NICS(1) is larger than that 

of benzene (-10.4 ppm at the same level of theory). The aromaticity of the compounds 

slightly decreases in the complexes with NH3 and BH3, but the NICS values of the 

silanes and the triplet silylenes predict a non-aromatic character. The exception is 12, 

whose NICS(1) is below -5 in every derivative. Comparison of the NICS values of 

carbon-containing molecules (1, 2, 15, 16, 4 and 17) shows in accordance with the 

expectations, that the saturated analogues are non-aromatic while, the unsaturated 

ones are aromatic, and the aromaticity increases with the number of sulfurs in the ring.  

As we are especially interested in compound 11, we compared its molecular 

orbitals with that of 1 (Figure 20). In the case of silylenes, the lone pair located on 

silicon and the π-system are of considerably interest, as they determine the reactivity 

of the molecule, and give information on the stability and aromaticity. Both molecules 

possess a lone-pair on the silicon, which is characteristic of singlet silylenes. Despite 
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the fact that the lone pair is the HOMO in 11 and the HOMO-1 in 1 the orbital 

energies show an increased stabilization of the lone pair in 11 compared 1. Due to its 

lower energy, it can be expected that the reactivity (in this case its nucleophilicity) of 

this orbital will be reduced in 11, compared to 1. This expectation is supported by the 

fact, that the interaction energy of 11 with BH3 is 20 kcal/mol, compared to the 25 

kcal/mol of 1. From the figure it can be seen, that the ordering of orbitals of the two 

molecules are reversed, but both of them possess a typical aromatic π-system.  
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Figure 19 Changes of the NICS(1) values for the different derivatives of the investigated silylenes: 

silylenes, complex with BH3, the silane, complex with NH3, and the triplet silylene    

  

Each orbital of 11 is stabilized compared to the corresponding orbital of 1, 

with the exception of its HOMO-2. The larger aromaticity of 11 is supported by its 

very low lying π-orbital (HOMO-6). The greater aromaticity of 11 was also indicated 

by the NICS(1) indices. Although, according to the isodesmic reaction energies, 1 is 

more stable than 11 (∆Hi=48 and 40 kcal/mol, respectively), the larger aromaticity of 

11 may contribute to the stability of 11 to a larger extent. A very important indicator 

of the stability of silylenes, is their ability to dimerization. As it was shown earlier, 

stable species do not dimerize, either because no dimer exists on the potential energy 

surface or because the Gibbs free energy of dimerization is positive. We examined 

both ways of dimerization: formation of a disilene and a bridged structure. Depending 

on the neighboring atoms of the silicon, different dimers are possible as stated before.  
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Figure 20 Molecular orbitals of compounds 1 and 11 

 

The dimerization energies are collected in Table 7. From these data it can be 

concluded, that none of the investigated compounds dimerize. There is one dimer, 

whose structure deserves attention, the dimer of 12. Although, its dimerization energy 

is still positive, its structure is remarkable (Figure 21). 
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Figure 21 Structure of 12 in the singlet and triplet state and its dimer  

 

 

The structure of most disilenes are trans-bent, especially of those with large isodesmic 

reaction energies. This dimer is, however, planar, which is probably a nice example of 

the CGMT-rule58,59. According to this, disilene has a trans-bent geometry if the sum of 

the singlet-triplet separation of silylenes is larger than half of the total bond energy of 

the Si=Si double bond. However, we have shown earlier that the singlet-triplet 

separation of this molecule is very small (23 kcal/mol) it is about the same as the 

singlet-triplet energy gap of methyl-silylene or H2Si. 

 In conclusion 11 is predicted to be a synthesizable compound on the basis of 

its aromaticity, low nucleophilicity and electrophilicity. It does not dimerize giving a 

further indication of its considerable stability. The calculations on the structure of 11 

and 12 in the triplet state reveal the effective delocalization of spin density over the 

whole molecule, resulting in the stabilization of the triplet state compared to the 

singlet and in a low singlet-triplet energy separation. However, as delocalization 

stabilizes both the triplet and the singlet state of these compounds, this low Σ∆Es-t 

cannot be taken as a indication of the low stability of these compounds. Our results 

could help in designing: (1) new type of stable singlet ground silylenes e.g. 11 (2) 

stable or relatively stable triplet silylenes, by choosing such substitutents on silicon 

which allow for the delocalization of spin (3) disilene, which bear four nitrogen 

substituents next to the double bond.  



 

 

 

 

 

 

 

 

 

“If we value the pursuit of knowledge, we must be 

free to follow wherever that search may lead us. The 

free mind is not a barking dog, to be tethered on a 

ten-foot chain.”  

                                      Adlai E. Stevenson Jr. 
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5 Water addition reaction of Si=C double bonds attached to 

ring substituents  

 
In Chapter 2 a summary of alcohol (and water) addition reactions of the C=C, 

C=Si and Si=Si double was given. Additions to these double bonds may proceed 

through various channels leading to essentially different products and the existence 

and the relative ratio of the final products strongly depend on the substrate and the 

reagent. The most important factors are the quality and polarity of the double bond, 

polarity of the reagent and HOMO-LUMO levels of the reactants. It was also 

demonstrated that silafulvenes, especially silatriafulvenes possess a different reactivity 

pattern towards alcohols than silenes, which was attributed to their aromatic character.  

However, the theoretical work concerning the reactivity of silafulvenes toward 

nucleophiles is limited, therefore, in this work we study the water addition reaction of 

various silafulvenes with special attention given to their possible aromatic character. 

In order to have a better understanding of the role of the ring, ring stress and possible 

aromatic character of fulvenes on the obtained reaction mechanisms, addition 

reactions of various similar cyclic compounds were also studied, in which either the 

silicon or the carbon atom belonged to three or five membered rings (see Scheme 13).  

It was already shown that the water addition of 4-silatriafulvenes does not lead to the 

expected silanol. Due to the high activation energy of the normal and abnormal 

channels, the silatriafulvene isomerizes through a silylene to silacyclobutadiene, and 

the final product of the alcohol addition reaction is the alcohol adduct of 

silacyclobutadiene. However, in this work we focus on the addition reaction of water 

to the Si=C bond, and do not consider the other possible pathways.  
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Scheme 13. 

 The calculations were performed at the B3LYP/6-31G(d) and MP2/6-

311++G(d,p) level of theory. CBS-QB3 calculations were performed to obtain reliable 

energies and analytical second derivatives were used to characterize the optimized 

stationary points on the PES. IRC calculations were performed for all path at the 

B3LYP/6-31G(d) to confirm the reaction coordinates from transition states to stable 

product. NPA charges were obtained at the MP2/6-311++G(d,p) geometry with the 

NBO program as implemented in Gaussian 98. Bird and DBCI indices NICS values 

were used together with the analysis of geometrical parameters in order to evaluate the 

aromaticity of the compounds. Bird and the DBCI indices have been calculated from 

Gordy bond orders at the MP2/6-311++G(d,p) geometry. NICS values were calculated 

at the same level. We only used these indices to compare the aromaticity of the 

derivatives of the same compound and not to compare the aromaticity of different 

species.  

 

Structure and aromaticity of the substrates 

The numbering of the molecules used in Table 9-10 are shown is Scheme 14. 

Table 9 contains some selected geometrical data and the NPA charges of the Si and C 

atoms of the Si=C bond and the thermodynamical data and aromaticity indices of the 

optimized stationary points are compiled in Table 10. NICS values have only been 

calculated for the reactants and Bird indices only for those molecules, which contain 

alternating single and double bonds i.e. for 21, 23, 25 and 27. In some cases negative 

Bird indices have been obtained. It is only possible, if the standard deviation of the 

bond orders in the ring exceed the standard deviation of the bond orders of a ring with 

alternating single and double bonds. Thus negative Bird indices refer to the presence 

of localized bonds.  
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Scheme 14  

 

The geometry of 21, 25 and 24 is non-planar, while the other molecules 

possess a planar skeleton. In the case of triafulvenes it is expected that the 

contribution of the aromatic resonance structures is larger in the non-planar form. 

Geometrical data reveal a significant bond alternation in the case of all molecules, 

which is reflected by the Bird and DBCI indices, too. According to the NICS indices 

none of the compounds are aromatic, lowest value is calculated for 23. 

As it was demonstrated earlier that the reactivity of Si=C bonds strongly 

depends on their polarity we investigated the NBO charges on these atoms, as well as 

in the rings (see Table 9). If the silicon atom is incorporated in the ring the charge 

difference between the double bonded carbon and silicon increases to a great extent 

compared to the isomers in which the silicon is in exo position; this trend is 

independent of the structure of the ring. The effect probably arises from the 

electronegativity difference between carbon and silicon. If the silicon is in exo 

position it has hydrogens as neighbors, while if it is in the ring it is bonded to two 

additional carbon atoms. As the carbon atoms more efficiently withdraw the electrons 

than the hydrogens, the silicon bears a much larger positive charge when bonded to 

carbons. Therefore, it is easier to analyze the effect of polar resonance structure on the 

polarity of the Si=C bond if, only those molecules are compared in which the silicon is 

in the same position (set 1: 21-24, set 2: 25-28). For both sets the polarity of the Si=C 

bond for the non-fulvenic structures falls between the two fulvenic structures. In the 

case of triafulvenes, the electrons shift to the direction of the exo atom (see Scheme 

6). Depending on the relative contribution of the aromatic resonance structure to the 

ground state of the molecule, the charge on the exo atom should be lower (in absolute 

value) than in a similar non-aromatic structure. Indeed, the charge on Si in 21 is 

smaller than in 22, and similarly the charge on the exo carbon atom in 25 is a larger 

negative value (smaller in absolute value) than in 26. The charge difference between 

21 and 22 is much larger than between 25 and 26 indicating that the charge transfer is 



 88

more effective and the contribution of the aromatic resonance structure is larger if the 

silicon is in exo position.  

 For pentafulvenes the electron transfer is expected in the opposite direction, 

allowing for a larger charge in absolute value on the exo atom compared to the non-

fulvenic molecules. The data are in perfect accordance with this expectation; the 

silicon becomes even more positive in 23 and the carbon less negative in 27 compared 

to the corresponding non-fulvenic molecules.  

 Analysis of the total charge on the rings supports the above conclusions. 

Compared to the non-fulvenic analogues, the charge in absolute value in triafulvene 

21 and 25 is larger and in pentafulvenes 23 and 27 is much smaller on the rings.  

 

Water addition reactions 

 Selected geometrical parameters of the optimized stationary points are 

presented in Table 9. As the MP2 and B3LYP results give very similar geometrical 

parameters, only the MP2 values are summarized and the thermodynamic data 

calculated by the CBS-QB3, MP2 and B3LYP methods are collected in Table 10. The 

MP2 data are generally closer to the highly accurate CBS-QB3 than to the B3LYP 

results. The thermodynamic profile of the reaction is presented in Figure 22-25.   

 Similarly to the reactivity of the parent silene, the initial step of the reaction is 

the formation of a weakly bonded complex, which already bears several characteristic 

features. The geometry of the reactant molecules in the complexes is almost 

unchanged, although the OH bond in water is slightly elongated. The characteristic 

distance between the reactants depends on the orientation of the two molecules, the 

attacked atom and the ring type. Although the energy gain relative to the initial state is 

between 0.2 – 9 kcal/mol (at the CBS-QB3 level), the Gibbs free energy is always 

positive with the exception of the nucleophilic complex of 23, due to the negative 

entropy factors. The orientation of the reacting agents indicates the electrophilic or 

nucleophilic nature of the attack. A small but systematic change on the charge on the 

water molecule supports this character (Table 9). In electrophilic complexes (CE) the 

charge on the water molecule is negative, while in the nucleophilic complexes it is a 

small positive value.  
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Table 9 Selected geometrical parameters (bond distances in Å), NBO charges and calculated aromaticity indices for the optimized stationary points. The 

numbering of the atoms is shown in Scheme 4. 

  Geometrical parameters NBO charges 
  Si-C X-C3 C3-C4 C4-C5 C-O Si-O O-H C-H Si-H Si C H2O ring 

21 Reagent 1.743 1.460 1.322       0.619 -0.474  -0.241 
 CE 1.760 1.449 1.325    0.968 2.578  0.512 -0.410 -0.019 -0.117 
 TE 1.943 1.454 1.322  1.747  1.175  1.851 0.451 -0.131 -0.074 0.072 
 PA 1.884 1.502 1.317  1.428     1.093 -0.163   
 CN

*              
 TN 1.798 1.509 1.307   1.961 1.043 1.855  1.307 -0.967 0.009 -0.846 
 PN 1.855 1.535 1.300   1.673    1.609 -0.729   

22 Reagent 1.696 1.488 1.518       1.073 -0.729  -0.683 
 CE 1.700 1.492 1.517    0.966 2.433  1.084 -0.768 -0.008 -0.691 
 TE 1.862 1.490 1.524  1.841  0.989  2.439 0.264 -0.066 0.191 -0.023 
 PA 1.876 1.508 1.510  1.424     1.088 -0.173   
 CN 1.697 1.489 1.520   2.839 0.961   1.184 -0.807 0.017 -0.784 
 TN 1.755 1.511 1.510   1.944 1.503 1.832  1.464 -1.050 0.041 -1.038 
 PN 1.844 1.523 1.501   1.671    1.624 -0.735   

23 Reagent 1.736 1.461 1.376 1.454      1.251 -0.717  -0.849 
 CE

*              
 TE 1.918 1.478 1.372 1.456 1.682  1.011  2.303 0.371 -0.120 0.227 -0.162 
 PA 1.935 1.493 1.366 1.461 1.426     1.114 -0.124   
 CN 1.749 1.448 1.395 1.431  2.054 0.973   1.492 -0.840 0.134 -1.175 
 TN 1.802 1.4565 1.386 1.436  1.847 1.157 1.606  1.546 -0.913 0.012 -1.120 
 PN 1.896 1.485 1.373 1.447  1.670    1.622 -0.711   

24 Reagent 1.726 1.526 1.516 1.344      1.033 -0.627  -0.642 
 CE 1.729 1.529 1.515 1.345   0.965 2.542  1.057 -0.663 -0.006 -0.670 
 TE

+              
 PA 1.902 1.543 1.511 1.343 1.451     1.092 -0.124   
 CN 1.726 1.527 1.516 1.345  2.927 0.961   1.144 -0.708 0.014 -0.742 
 TN 1.777 1.538 1.516 1.345  1.931 1.087 1.785  1.463 -0.962 0.005 -1.006 
 PN 1.873 1.553 1.513 1.344  1.673     1.629 -0.695  
 * does not exist + was not found  
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 Geometrical parameters NBO charges 
  Si-C X-C3 C3-C4 C4-C5 C-O Si-O O-H C-H Si-H Si C H2O ring 

25 Reagent 1.701 1.790 1.373       1.574 -1.293  0.831 
 CE 1.711 1.785 1.374    0.969 2.229  1.614 -1.347 -0.012 0.889 
 TE 1.887 1.851 1.347  2.006  0.986  2.393 0.632 -0.280 0.090 -0.148 
 PA 1.893 1.814 1.353  1.440     1.362 -0.415   
 CN

*              
 TN 1.766 1.798 1.369   1.945 1.055 1.808  1.753 -1.447 0.047 0.953 
 PN 1.865 1.796 1.369   1.666    1.876 -1.060   

26 Reagent 1.703 1.829 1.601       1.541 -1.201  0.751 
 CE 1.711 1.826 1.601    0.964 2.635  1.593 -1.258 -0.001 0.812 
 TE 1.868 1.894 1.550  1.969  0.981  2.473 0.576 -0.268 0.135 -0.202 
 PA 1.884 1.858 1.559  1.435     1.353 -0.396   
 CN 1.708 1.829 1.597   2.407 0.965   1.661 -1.334 0.062 0.831 
 TN 1.764 1.840 1.591   1.926 1.068 1.806  1.760 -1.420 0.039 0.935 
 PN 1.853 1.838 1.595   1.665    1.906 -1.047   

27 Reagent 1.717 1.846 1.364 1.489      1.553 -1.133  0.699 
 CE 1.719 1.846 1.363 1.487   0.960 2.380  1.588 -1.193 -0.007 0.751 
 TE 1.868 1.853 1.375 1.464 1.734  1.000  2.384 0.794 -0.372 0.175 -0.179 
 PA 1.898 1.872 1.361 1.375 1.440     1.440 -0.400   
 CN

*              
 TN 1.772 1.858 1.360 1.489  1.928 1.082 1.760  1.839 -1.416 0.016 0.959 
 PN 1.861 1.878 1.358 1.494  1.671    1.938 1.938   

28 Reagent 1.709 1.887 1.515 1.350      1.618 -1.209  0.775 
 CE

+              
 TE 1.866 1.922 1.513 1.350 1.820  1.001  2.339 0.762 -0.356 0.120 -0.120 
 PA 1.896 1.891 1.516 1.351 1.442     1.480 -0.409   
 CN 1.710 1.883 1.515 1.351  2.680 0.962   1.740 -1.306 0.027 0.848 
 TN 1.767 1.881 1.516 1.351  1.954 1.076 1.772  1.893 -1.450 0.011 0.999 
 PN 1.862 1.893 1.516 1.352  1.677    1.982 -1.058   

 * does not exist + it was only found with the B3LYP methods 
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Table 10 Calculated thermodynamic data (in kcal/mol) and aromaticity indices for the optimized stationary points 
 

  Thermodynamic data Aromaticity indices 

  ∆E(B3LYP/ 
6-31G(d) 

∆E(MP2/6-
311++G(d,p)) ∆E(CBS-QB3) ∆G298K 

(CBS-QB3) Bird DBCI NICS+ 

21 Reagent 0 0 0 0 33.60 0.61 -1.2 
 CE -6.8 -5.6 -3.0 4.5 40.71 0.64  
 TE 26.8 32.2 33.1 42.7 36.07 0.62  
 PA -33.1 -33.9 -30.6 -21.2 6.68 0.47  
 CN     - -  
 TN 15.8 13.6 11.5 24.2 -2.73 0.46  
 PN -63.2 -65.8 -64.8 -56.0 -23.21 0.37  

22 Reagent 0 0 0 0 - 0.16 -1.9 
 CE -4.4 -4.4 -2.5 5.0 - 0.15  
 TE 27.8 40.8 38.5 48.4 - 0.14  
 PA -40.6 -35.0 -33.0 -23.1 - 0.09  
 CN -4.4 -2.9 -0.2 7.8 - 0.16  
 TN 1.3 3.4 4.5 14.1 - 0.10  
 PN -77.7 -74.4 -74.5 -65.2 - 0.06  

23 Reagent 0 0 0 0 58.50 0.54 -5.6 
 CE     - -  
 TE 38.4 50.6 46.6 56.5 50.80 0.52  
 PA -23.3 -17.1 -17.2 -7.4 39.48 0.49  
 CN -11.5 -11.9 -9.0 -0.6 75.35 0.56  
 TN -4.1 -2.9 -3.5 6.0 65.99 0.55  
 PN -64.8 -61.1 -62.4 -53.1 48.51 0.51  

24 Reagent 0 0 0 0  0.23 -2.9(-4.2)f 

 CE -4.0 -5.8 -1.5 4.7  0.23  
 TE 27.2       
 PA -35.2 -28.6 -26.4 -17.1  0.20  
 CN -3.6 -2.7 0.7 5.9  0.27  
 TN 4.5 7.2 7.6 16.5  0.20  
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 PN -72.1 -66.8 -66.9 -58.4  0.18  
         

25 Reagent 0 0 0 0 74.7 62.4 -1.3 
 CE -6.2 -5.3 -3.7 4.6 77.89 0.64  
 TE 28.4 45.1 41.5 51.7 23.48 0.43  
 PA -39.1 -28.8 -27.6 -17.4 49.64 0.55  
 CN        
 TN -5.1 -1.9 -2.4 8.3 68.38 0.60  
 PN -84.8 -77.4 -79.1 -68.8 69.41 0.61  

26 Reagent 0 0 0 0  0.07 -0.8 
 CE -5.0 -4.7 -2.6 5.8  0.06  
 TE 22.1 37.3 36.6 45.7  -0.11  
 PA -40.6 -32.7 -29.8 -20.4  0.03  
 CN -7.1 -5.2 -2.6 5.8  0.08  
 TN -5.8 -2.4 -2.2 7.7  0.06  
 PN -85.0 -78.4 -79.1 -69.6  0.04  

27 Reagent 0 0 0 0 35.32 0.47 -1.5 
 CE -4.7 -3.9 -1.5 4.4 27.62 0.48  
 TE 32.8 42.3 50.0 60.1 40.32 0.45  
 PA -30.2 -22.2 -20.0 -10.7 20.59 0.41  
 CN        
 TN -0.6 3.0 2.1 11.9 25.51 0.43  
 PN -76.8 -70.9 -71.6 -62.0 14.62 0.39  

28 Reagent 0 0 0 0 5.36 0.19 -2.4 
 CE        
 TE 34.8 47.1 46.5 55.7 -14.8 0.10  
 PA -33.8 -25.3 -22.0 -13.2 1.94 0.17  
 CN -6.1 -5.6 -2.1 5.2 7.21 0.20  
 TN -2.8 -0.4 -0.6 8.7 7.05 0.19  
 PN -80.8 -77.4 -74.6 -65.7 7.53 0.24  

+for three-membered rings NICS(2) values and for five-membered rings NICS(1) values have been used 
            f on the two sides of the ring  
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Non-fulvenic structures (22, 24, 26 and 28)  

 Two reaction channels were found, namely for the normal and abnormal 

addition of water. The normal addition of water can be classified as a nucleophilic 

channel starting by the formation of a nucleophilic van der Waals complex CN. In this 

complex the principal interaction is observed between the HOMO of the water 

molecule (lone pair on the oxygen) and the LUMO of the silene. The nucleophilic 

interaction is confirmed by the positive charge on the water. The abnormal addition of 

water sets in by the formation of an electrophilic complex, in which the water 

hydrogen with a partial positive charge approaches the carbon atom or the double 

bond. The electrophilic interaction is indicated by the small negative charge on water. 

The energies of the two complexes are very similar. Figure 22 and Figure 23 depict 

the energy profiles of the different reaction channels for the four molecules. In the 

case of 28 only an electrophilic complex was found by the B3LYP method and only a 

nucleophilic complex by the MP2 method, and we could not locate the transition state 

for the abnormal addition of water to 24 by the MP2 method.  

 The Gibbs free energies of activation of the normal and abnormal addition 

channels differ considerably being 6-10 kcal/mol and 40-50 kcal/mol, respectively, 

thus the abnormal channel cannot compete with the normal addition. The transition 

state structure of the normal addition TN, (nucleophilic channel) shows moderate 

changes compared to the free reagents. The carbon atom becomes slightly 

pyramidalized, while the silicon is almost planar, resembling the similar transition 

structure of the parent silene. The Si···O distance is relatively long, between 1.92-1.95 

Å. The OH distance is elongated to 1.05-1.08 Å, and the Si-C distance to around 1.76 

Å, which is nearer to the length of a double bond (~1.7 Å) than to that of a single bond 

(~1.85 Å). The Wiberg (and also NAO) bond index of the Si···O bond is around 0.3 

compared to the 0.6 in the product silanol. On the basis of the above reasoning TN can 

be classified as a moderately early transition state, resembling the initial complex 

more, than the final product. The high exothermocity of the reaction channel is due to 

the replacement of a weak Si-C π-bond by a very strong Si-O bond. The nucleophilic 

channel of the reaction does not exhibit the rotation of moiety similarly to the parent 

silene, but in contrast to the disilenes. Therefore, only the syn product is expected in  
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Figure 22 Comparison of the free energy diagram at the CBS-QB3 level for the reaction channels 

of  22+water  and 24+ water reactions 
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Figure 23 Comparison of the free energy diagram at the CBS-QB3 level for the reaction channels 

of  26 + water  and 28 + water reactions 
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an intramolecular addition of nucleophile to silenes, and anti product formation is 

only possible only with the reaction of a second nucleophile, as proposed earlier71.The 

abnormal addition of water starts by the formation of an electrophilic van der Waals 

complex CE, from which a very energy rich transition state leads to the final product. 

In the transition state, the O-H bond is only slightly elongated to ~0.98 Å, and much 

shorter than in that case of the nucleophilic channel. The C-O distance varies between 

1.82-1.97 Å, and longer than in the case of the parent silene (1.78-1.81 Å). The Si-C 

bond distance is almost as long as in the final product. The π-charge, which was 

originally concentrated on carbon shifts towards silicon, and as a consequence the 

silicon becomes strongly pyramidal. The reaction ends in a moderately stabilized 

product compared to the initial state or the other possible product, the silanol.  

 

4-silatriafulvene, 21        

As described in Chapter 2, a previous theoretical study on mechanism of water 

addition to 21 explained the experimentally observed low reactivity of 4-

silatriafulvene derivatives towards alcohols and their easy isomerization to double 

bonded silacyclobutadiene. Here, we only consider the water addition reactions to the 

Si=C double bond. Although, this reaction channel was shown to be more energetic 

than the isomerization reaction, but it is similar to the addition reactions of the other 

investigated molecules allowing us to examine the effect of aromaticity on the 

energetics of the reaction. The thermodynamic profile of the reaction is presented in 

Figure 24. Due to the aromatic resonance structure of 21 the polarity of the Si=C bond 

is seriously reduced compared to 22 or to the parent silene, which is expected to 

increase the activation energy of normal water addition to the Si=C bond. We could 

locate only one electrophilic complex on the potential energy surface, and both the 

normal and abnormal reaction channel start from the same complex CE. The missing 

nucleophilic complex can be explained by the very low charge on Si, thus the 

interaction with the lone pair of the oxygen is not favored. The favorable electrophilic 

interaction between the LUMO of the water and the HOMO of 21 is supported by the 

relatively high HOMO energy of the triafulvene. The complex keeps the original Cs 

symmetry of the molecule, and the water moiety has the largest positive charge 
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(0.019) found in any van der Waals complex in this work. The NBO charge on the 

ring decreases by 0.13, compared to the average decrease of 0.03 found for other 

electrophilic complexes. The negative charge on the carbon of the Si=C bond and the 

positive charge on silicon further decreases. These observations indicate a larger 

contribution of the aromatic resonance structure in the complex than in the initial 

molecule. The larger aromaticity is supported by both DBCI and Bird indices. The 

bond distances and bond orders in the ring exhibit a slightly larger equalization of the 

bonds than in the reactant.  

From the complex two different reaction path exist a nucleophilic (normal 

addition) and an electrophilic (abnormal addition). In the nucleophilic channel drastic 

charge transfer can be found between the complex and the TS, as the charge on silicon 

increases almost three times compared to the complex, the carbon and also the ring 

becomes highly negative. Although, this follows the same pattern as the charge shifts 

in other normal additions, its effect on the energetics and aromaticity of the molecule 

is severe. Since the negative charge shifts back to the ring, the contribution of the 

aromatic resonance structure disappears, so in the transition state the aromatic 

stabilization of the complex must be surmounted as extra energy. This causes that the 

Gibbs free energy of activation is much larger (24.2 kcal/mol at the CBS-QB3 level) 

than for 22 (14.1 kcal/mol), and the Gibbs free energy change of the reaction is about 

10 kcal/mol less than in the case of 22. 

The abnormal addition of water is followed by essentially different events. The 

charge shifts are in accordance with those observed for the other molecules i.e. the 

carbon atom becomes less negative and the silicon less positive. However, these 

changes work in the direction of maintaining (or even increasing) the aromaticity of 

21. This is indicated by the positive (!) charge on the ring and the whole triafulvene 

moiety, the negative charge on the water molecule, the extremely long Si-C (1.94 Å) 

and O-H distances, and very short Si-H distance. The larger aromaticity of the ring is 

supported by an earlier study, which has found a correlation between the aromaticity 

of the three-membered ring in substituted 4-silatriafulvenes and the Si-C bond 

length75. This is the only transition state found in this work where the water moiety is 

negative. The O-H distance is elongated to 1.18 Å, which is almost 0.2 Å longer than 

the O-H distances in the other abnormal addition channels. The Si···H distance is only 
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1.85 Å compared to the 1.45 Å in the final product. The Si=C bond is 1.94 Å, while it 

is only 1.88 Å in the final product. This result somewhat resembles the findings of 

Burk et al. that the protonated forms of substituted triafulvenes are much more 

aromatic than the neutral molecule84. The aromaticity indices support the larger 

aromaticity of the TE transition state than that of the reactant. The aromaticity of the 

van der Waals complex is more or less preserved in the transition state resulting in a 

relatively low barrier.  

In the case of 21, the aromatic resonance structures play a very important role 

in the structure of the van der Waals complex and the transition state. It increases 

considerably the barrier of the normal addition channel due to the loss of aromatic 

stabilization energy in the transition state and decreases the barrier of the abnormal 

addition channel, as the aromaticity of the triafulvene is preserved in the transition 

state. The aromatic resonance structure influences in an opposite manner the 

activation energy of the normal and abnormal addition channels. This results give a 

hint for the possible explanation of the observed unusual reactivity of the synthesized 

4-silatriafulvene derivative toward methyl-alcohol. (Scheme 7). 

This observation could also help in designing such reactions in which the 

abnormal addition channel is favored to the normal addition, e.g. by choosing electron 

withdrawing substituents on the silicon (e.g. fluorine), which increases the aromaticity 

of the parent triafulvene. Another possibility is to select highly acidic reagents, which 

were shown to increase the barrier of normal addition of nucleophiles to the silene81 

and which by easy ionization can protonate the exo silicon atom, thus increase the 

aromaticity of the transition state of the abnormal addition channel.        

 

6-silapentafulvene, 23 

 As the important aromatic resonance structures show exactly opposite 

polarization than in the case of 21, a different reaction mechanism is expected. In 23, 

the silicon atom is much more positive than in the other derivatives of set 2. The large 

charge on Si and the very small LUMO energy of the compound suggests a favorable 

interaction with the oxygen lone pair. The results are in accordance with this 

expectation; we found only one complex, CN on the potential energy surface. The 

complex is clearly stabilized by the interaction between the lone pair of the oxygen 
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and the LUMO of the pentafulvene, as the charge on the water molecule is 0.13; the 

largest charge transfer observed for any complex in this study.  

 

 
 

Figure 24 Comparison of the free energy diagram at the CBS-QB3 level for the reaction channels 

of 21 + water  and 23 + water reactions 
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Contrary to any other van der Waals complex and despite the negative entropy factor, 

the Gibbs free energy of formation of the complex is negative. The complexation with 

water induces an extra electron transfer from the silicon to the ring besides the 

electron flow from the water molecule. The increase in the negative charge of the ring 

is considerably larger than the positive charge on the water. In the complex the bond 

lengths are more equalized than in 23 suggesting a more pronounced aromatic 

stabilization, which is proved by the aromaticity indices. The largest effect is observed 

in the case of the NICS value, as in the complex it is almost twice as large as in the 

starting material and even exceeds the NICS value of benzene (9.6 ppm at the MP2/6-

311++G(d,p) level).  Apparently, the increase in aromaticity is enough to compensate 

the effect of the negative entropy change. Starting from this complex two separate 

pathways exist for the normal and abnormal addition. In TN, the transition state of the 

normal addition the charge on silicon further increases, while on carbon further 

decreases. The total charge on the ring is a bit smaller than in the complex, but larger 

than in the starting molecule. The Si=C bond is only moderately elongated, but Si-O 

distance is very short and the O··H distance is very long, 1.15 Å comparable to the 

distance found in the abnormal channel of the addition to 21. These geometrical data 

indicate a later transition state than in the case of the other molecules. The bond 

distances in the ring are between those in the initial molecule and in the complex. The 

aromaticity indices predict a slightly larger degree of aromaticity than in the initial 

molecule. This means that the aromaticity of the molecule is preserved in the 

transition state, which is in accordance with the very low Gibbs free energy of 

activation (lowest among all the molecules compared to the starting material). The 

relatively large ∆G between the complex and the transition state is due to the decrease 

of aromaticity.  

 The abnormal reaction channel is very similar to that of the non-fulvenic 

structures. However, the C-O distance is very short (1.682 Å), the C-Si is almost as 

long as in the final product, but the O-H distance is short, 1.011 Å, although, longer 

than in the case of the other abnormal channels. According to the various indices the 

aromaticity is seriously reduced lost in the transition state resulting in a very high 

activation energy. The product is only a bit more stable than the separated molecules.  
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 In the case of 23, the role of the aromatic resonance structure is reversed 

compared to 21. Only one nucleophilic complex was found on the PES, which is much 

more aromatic than the parent compound. As the aromatic character is preserved in 

the TS of the normal addition channel, the Gibbs free energy of activition is very low, 

while the barrier for the abnormal addition is very high due to loss of the aromatic 

stabilization energy in the TS.  

 

3-silatriafulvene, 25 and 5-silapentafulvene, 27  

 Although, for the first sight, one might expect a similar effect of aromaticity on 

the reactivity of these molecules and on the barrier height of the reaction channels, 

such phenomenon is not observed. This, probably, originates from the fact, that these 

molecules are not aromatic. If one compares the Bird indices of the two addition 

products of 25 (25PA and 25PN) realizes that if the silicon is included in the ring, the 

effect of aromaticity is, if negligible. The Bird index of 25PA is 49.64, while it is 

69.41 for the normal addition product. However, this is not due to a larger aromaticity 

of any ring as there is no possibility for conjugation as the silicon is tetravalent. This 

effect is an artifact of the Bird index, as it measures the bond equalization in the ring. 

It is, indeed, true that the bond lengths are more equalized in of 25PN than in 25PA but 

it is the effect of the fourth substituent on silicon. In 25PA, silicon is bonded to a 

hydrogen, while in 25PN to oxygen. Oxygen creates a large positive charge on silicon, 

thus the Si-C single bonds in the ring become more polarized, thus shorter i.e. it looks 

like as there was delocalization in the ring compared to 25PA.  

The water addition reaction of these molecules proceeds very similarly to other 

Si=C bond, but only one electrophilic complex could be found on the PES. This is due 

to the strong polarity of the Si=C double bond. This fact resembles water addition 

reaction of H2Si=SiHF, where also only electrophilic complexes were found79. Similar 

phenomenon was observed for the halogen80 additition of disilene and silene. From 

this complex two different reaction path exist toward the normal and abnormal 

addition products.  
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Figure 25 Comparison of the free energy diagram at the CBS-QB3 level for the reaction channels 

of 25 + water and 27 + water reactions 



 

 

 

 

 

 

 

 

 

“Ideas are like rabbits. You get a couple and learn 

how to handle them, and pretty soon you have a 

dozen”. 

                                    -- John Steinbeck 
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6 Summary 

This thesis dealt with low coordinated silicon compounds: with silylenes and 

silenes. The first part gave an account of our results obtained by conceptual DFT on 

the reactivity of divalent carbenoid compounds followed by a study on the relationship 

between the stability and dimerization ability of silylenes. In the second part the water 

addition reaction of various silenes was investigated. 

1. We have given a thorough investigation of spin-philicity, spin-donicity and 

spin hardness indices. We have shown that spin-philicity and spin-donicity indices 

decrease linearly with the vertical singlet-triplet energy separation of the molecule.  

2. The spin-philicity, spin-donicity and spin hardness indices were used to obtain 

information on the similarity of molecular groups. The spin hardness turned out to 

give the most reliable information of the three indices. We found sound evidence for 

the similarity of nitrenes and posphinidenes and silylenes and germylenes and it was 

shown that substitution changes the spin hardness of these molecules in a similar 

manner. The indices correctly indicated the experimentally established similarity of 

nitrenes and carbenes.  
3. We applied conceptual DFT indices to assess the Lewis acid and base 

character of silylenes and germylenes. The reaction of silylenes and germylenes with 

Lewis acids and bases is essentially charge controlled and the interaction with hard 

bases is preferred. The electrostatic potential calculated 2Å above the plane of the 

silylene/germylene is a good measure of local hardness and the electrophilicity index 

correctly predicts the electrophilicity of the differently substituted molecules.  
4. The nucleophilicity of nucleophilic silylenes is proportional to the minimum of 

the electrostatic potential in the lone pair region, but this quantity alone is not enough 

to predict the nucleophilicity. Only those silylenes show nucleophilic character, which 

are not electrophilic. Electrophilic silylenes prefer the formation of a bridged silylene-

BH3 molecule instead of the conventional Lewis acid-base adduct.  
5. Comparison of the spin-philicity and spin-donicity indices of carbenoids, 

nitrenes, phosphinidenes and diatomic compounds with the adiabatic singlet-triplet 

gap of the molecules reveals the uniform behavior of these indices. Based on this 

result we conclude that those indices are universal, whose behavior depends only on 
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the singlet-triplet energy separation of the molecules. Correlation has been found 

between the spin-philic and electrophilic character of silylenes.  
6. We studied the relationship between the thermodynamic and kinetic stability of 

silylenes.  A linear correlation was found between the isodesmic reaction energies and 

dimerization energies in the 4<∆Εi<35kcal/mol region. The singlet-triplet energy 

differences also correlate well with the dimerization energies, but in the case of the 

highly stable silylenes (∆Es-t <60 kcal/mol) the curves become flat. We concluded that 

both the isodesmic reaction energy and the singlet-triplet energy separation could be 

used to predict the chemical stability of silylenes. No correlation, however, has been 

found between the dimerization energy of the bridged dimer formation and the 

isodesmic reaction energy or the singlet-triplet energy separation of silylenes. 
7. We designed a new type of silylene by using the N=S=N-S fragment to enclose 

the divalent Si in a ring. The isodesmic reaction energy of the molecule predicts it to 

be a stable compound, which is further proved by the nucleophilic character of the 

molecule. The stability of the compound is increased by its considerable aromatic 

stabilization, which, according to NICS(1) index, is larger than that of benzene.   
8. Study of the constitutional isomers of SiN2S2 led to the conclusion, that the 

triplet state of silylenes can be stabilized by using substituents that allow for the 

delocalization of spin. This effect lowers the singlet-triplet gap of silylenes. 

Calculations on the silylene containing the N=S-S=N fragment show that it is 

stabilized both in its singlet and triplet states, and as a consequence it has a small 

Σ∆Es-t, but it does not dimerize. This is an important exception to our earlier findings.  
9. We showed that the presence of non-conjugated cyclic substituens either on Si 

or C does not influence the reaction mechanism of water addition. The reaction starts 

by the formation of an initial van der Waals complex, which through different 

transition states can lead to different product. The abnormal addition cannot compete 

with the normal addition in any case.   
10. In the case of 4-silatriafulvene and 6-pentasilafulvene, the formation of that 

van der Waals complex is preferred, which keeps the aromaticity of the reactant. 

Furthermore, loss or maintaining of aromaticity can influence the activation energy of 

the different pathways to a great extent, therefore the relative ratio of the normal and 

abnormal channels.  
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Figure A3 The estimated singlet-triplet gap (in kcal/mol) on the basis of the sum of the spin-potentials 

( µs
+ + µ s

− ) plotted against the corresponding vertical singlet-triplet energy separations (∆Ev1 at the 

singlet geometry and ∆Ev2 at the triplet geometry (in kcal/mol)) for the investigated carbenes, 

silylenes, germylenes and stannylenes  
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Table A2 Ground state multiplicity, adiabatic singlet-triplet energy separation ( ∆Es−t
ad ), vertical 

energies (∆Ev1, ∆Ev2), spin potentials ( µs
+ /µ s

− ), spin hardness (ηSS
0 ), spin-philicity/spin-donicity 

(ω s
+ /ω s

− ) numbers and maximal spin acceptance ( ∆Ns,max
+ / ∆Ns,max

− ) for the investigated  carbenes  

Molecule 

X=C 

GS 

multiplicity 
∆Es−t

ad ∆Ev1 ∆Ev2 µs
+ /µ s

− ω s
+ /ω s

− ηSS
0

 ∆Ns,max  

HXH triplet -13.7 -1.4 27.2 -2.28 -1.53 -1.69 -1.35 
HXLi triplet -32.1 -32.1 32.1 -1.64 -1.14 -1.17 -1.40 

HXBeH triplet -34.2 -29.9 34.5 -2.14 -1.58 -1.45 -1.48 
HXCH3 triplet -6.9 11.2 21.1 -2.02 -1.30 -1.57 -1.29 
HXNH2 singlet 31.5 53.8 47.2 2.62 -2.36 -1.45 1.80 
HXOH singlet 23.4 34.2 16.5 2.27 -1.70 -1.52 1.49 
HXF singlet 12.1 19.4 -1.3 2.02 -1.29 -1.59 1.27 

HXNa triplet -26.1 -18.3 33.1 -1.12 -0.70 -0.89 -1.25 
HXMgH triplet -32.3 -23.7 34.8 -2.04 -1.50 -1.38 -1.47 
HXAlH2 triplet -21.3 -20.0 22.3 -1.71 -1.08 -1.36 -1.26 
HXSiH3

†         
HXPH2

 singlet 6.6 51.3 38.0 2.37 -2.31 -1.22 1.95 
HXSH singlet 13.8 32.8 35.2 2.09 -1.62 -1.34 1.55 
HXCl singlet 2.2 10.9 9.5 1.70 -1.00 -1.45 1.18 

X(NH2)2 singlet 52.1 89.5 4.2 3.40 -3.96 -1.46 2.33 
X(OH)2 singlet 56.6 75.2 -2.4 3.18 -3.27 -1.55 2.06 
X(SH)2 singlet 24.4 37.8 20.8 2.10 -1.76 -1.26 1.67 

XF2 singlet 52.2 60.4 -40.8 2.99 -2.67 -1.67 1.79 
XCl2 singlet 16.6 24.7 -5.6 1.90 -1.34 -1.35 1.41 

H2NXOH singlet 54.3 79.8 -4.6 3.22 -3.50 -1.48 2.17 
H2NXSH singlet 38.9 64.1 10.6 2.76 -2.80 -1.36 2.03 
HOXSH singlet 35.7 49.1 21.1 2.47 -2.20 -1.39 1.78 

1 singlet 82.1 99.7 -39.2 3.38 -4.43 -1.29 2.62 
2 singlet 69.4 89.9 -23.2 3.35 -3.97 -1.41 2.37 
4 singlet 66.2 77.5 -42.7 2.89 -3.41 -1.22 2.36 
5 singlet 38.2 52.4 -16.9 1.91 -2.09 -0.88 2.19 

Adiabatic singlet-triplet energy separation and vertical energies in kcal/mol,spin potential values in 
Volts, spin-hardness in volt/spin units, spin-philicity and spin-donicity values in eV, maximal spin 
acceptance in spins 

†no stable species has been found at the B3LYP level of theory 
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Table A3 Ground state multiplicity, adiabatic singlet-triplet energy separation ( ∆Es−t
ad ), vertical 

energies (∆Ev1, ∆Ev2), spin potentials ( µs
+ /µ s

− ), spin hardness (ηSS
0 ), spin-philicity/spin-donicity 

(ω s
+ /ω s

− ) numbers  and maximal spin acceptance ( ∆Ns,max
+ / ∆Ns,max

− ) for the investigated silylenes  

Molecule 

X=Si 

GS 

multiplicity 
∆Es−t

ad ∆Ev1 ∆Ev2 µs
+ /µ s

− ω s
+ /ω s

− ηSS
0

 ∆Ns,max

HXH singlet 20.1 29.3 -8.8 1.68 -1.34 -1.05 1.60 
HXLi triplet -6.8 -1.9 16.2 -1.11 -0.75 -0.82 -1.35 

HXBeH triplet 0.0 9.5 11.0 -1.17 -0.73 -0.94 -1.25 
HXCH3 singlet 22.3 30.1 -12.2 1.68 -1.37 -1.03 1.63 
HXNH2 singlet 41.0 59.2 -6.4 2.27 -2.58 -1.00 2.27 
HXOH singlet 39.9 47.3 -21.3 2.04 -2.05 -1.02 2.00 
HXF singlet 39.1 43.1 -32.6 1.97 -1.87 -1.04 1.90 

HXNa triplet -3.8 -1.2 10.2 -0.81 -0.46 -0.71 -1.14 
HXMgH triplet -0.7 5.7 10.8 -1.10 -0.69 -0.88 -1.25 
HXAlH2 singlet 3.9 16.7 15.1 1.27 -0.90 -0.90 1.41 
HXSiH3 singlet 13.45 22.68 -1.90 1.45 -1.10 0.95 1.52 
HXPH2 singlet 22.4 39.6 -2.4 1.79 -1.73 -0.92 1.93 
HXSH singlet 32.9 48.9 -7.7 2.05 -2.13 -0.99 2.07 
HXCl singlet 33.7 38.4 -26.2 1.81 -1.68 -0.98 1.85 

X(NH2)2 singlet 55.6 86.1 -12.0 2.93 -3.95 -1.08 2.70 
X(OH)2 singlet 66.4 80.4 -44.0 2.85 -3.63 -1.12 2.55 
X(SH)2 singlet 43.1 57.9 -8.9 2.19 -2.56 -0.94 2.34 

XF2 singlet 75.6 79.4 -70.9 2.90 -3.52 -1.20 2.42 
XCl2 singlet 53.0 56.9 -47.6 2.24 -2.48 -1.01 2.22 

H2NXOH singlet 60.1 80.5 -27.8 2.81 -3.67 -1.08 2.61 
H2NXSH singlet 50.1 72.6 -10.3 2.55 -3.29 -0.99 2.58 
HOXSH singlet 51.9 68.7 -24.7 2.48 -3.08 -1.00 2.49 

1 singlet 59.3 76.6 -37.5 2.41 -4.03 -0.72 3.35 
2 singlet 75.5 82.1 -65.1 2.69 -3.82 -0.95 2.84 
4 singlet 56.6 73.6 -34.5 2.32 -3.84 -0.70 3.32 
5 singlet 60.3 69.0 -44.0 2.32 -3.16 -0.85 2.73 

All quantities have the same units as in Table A2 
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Table A4 Ground state multiplicity, adiabatic singlet-triplet energy separation ( ∆Es−t
ad ), vertical 

energies (∆Ev1, ∆Ev2), spin potentials ( µs
+ /µ s

− ), spin hardness (ηSS
0 ), spin-philicity/spin-donicity 

(ω s
+ /ω s

− ) numbers  and maximal spin acceptance ( ∆Ns,max
+ / ∆Ns,max

− ) for the investigated 

germylenes   

Molecule 

X=Ge 

GS 

multiplicity 
∆Es−t

ad ∆Ev1 ∆Ev2 µs
+ /µ s

− ω s
+ /ω s

− ηSS
0

 ∆Ns,max

HXH singlet 26.3 36.2 -14.2 1.71 -1.59 -0.92 1.86 
HXLi triplet -5.8 -1.3 18.1 -1.13 -0.92 -0.69 -1.63 

HXBeH singlet 1.5 11.6 13.4 1.12 -0.73 -0.87 1.29 
HXCH3 singlet 27.3 35.4 -16.4 1.68 -1.56 -0.91 1.85 
HXNH2 singlet 43.9 64.8 -13.4 2.29 -2.96 -0.89 2.58 
HXOH singlet 44.7 51.7 -27.6 2.04 -2.28 -0.91 2.24 
HXF singlet 45.4 48.6 -39.3 1.97 -2.13 -0.91 2.16 

HXNa triplet -2.2 -0.3 8.6 -0.76 -0.44 -0.67 -1.14 
HXMgH singlet 1.5 7.4 10.7 0.95 -0.58 -0.77 1.23 
HXAlH2 singlet 6.7 20.0 14.3 1.26 -0.98 -0.81 1.55 
HXSiH3

†         
HXPH2 singlet 26.3 38.9 -8.4 1.67 -1.70 -0.82 2.04 
HXSH singlet 38.9 55.0 -16.0 2.08 -2.46 -0.88 2.37 
HXCl singlet 41.3 45.1 -34.3 1.83 -1.97 -0.85 2.15 

X(NH2)2 singlet 55.8 91.6 -17.3 2.86 -4.43 -0.93 3.10 
X(OH)2 singlet 70.7 83.6 -47.5 2.80 -3.98 -0.98 2.84 
X(SH)2 singlet 48.8 63.4 -18.8 2.20 -2.95 -0.82 2.68 

XF2 singlet 82.7 85.9 -78.2 2.91 -4.06 -1.04 2.79 
XCl2 singlet 62.7 66.1 -57.4 2.28 -3.06 -0.85 2.68 

H2NXOH singlet 62.3 84.5 -32.0 2.79 -4.06 -0.96 2.91 
H2NXSH singlet 53.4 89.2 -17.9 2.54 -5.39 -0.60 4.24 
HOXSH singlet 57.3 73.9 -31.7 2.46 -3.50 -0.87 2.84 

1 singlet 50.4 64.5 -34.3 2.17 -3.17 -0.74 2.92 
2 singlet 67.9 77.1 -52.2 2.44 -3.82 -0.78 3.13 
4 singlet 49.0 64.1 -32.6 2.11 -3.21 -0.69 3.05 
5 singlet 58.8 68.3 -38.7 2.25 -3.28 -0.77 2.92 

All quantities have the same units as in Table A2 

† no stable species has been found at the B3LYP level of theory 
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Table A5 Ground state multiplicity (singlet or triplet), adiabatic singlet-triplet energy separation 

( ∆Es−t
ad

), vertical energies (∆Ev1,∆Ev2), spin potentials ( µs
+ /µ s

−
), spin hardness (ηSS

0
), spin-

philicity/spin-donicity (ω s
+ /ω s

−
) numbers  and maximal spin acceptance ( ∆Ns,max

+

/ ∆Ns,max
−

) for the 

investigated stannylene compounds  

Molecule 

X=Sn 

GS 

multiplicity 
∆Es−t

ad  ∆Ev1 ∆Ev2 µs
+ /µ s

− ω s
+ /ω s

− ηSS
0

 ∆Ns,max

HXH singlet 26.6 34.5 -16.4 1.65 -1.49 -0.91 1.81 
HXLi triplet -0.7 2.4 8.5 -0.87 -0.52 -0.72 -1.20 

HXBeH singlet 7.1 15.0 4.1 1.14 -0.80 -0.82 1.40 
HXCH3 singlet 26.9 33.6 -17.9 1.61 -1.46 -0.89 1.81 
HXNH2 singlet 40.8 58.4 -16.3 2.13 -2.56 -0.88 2.41 
HXOH singlet 41.7 47.4 -27.9 1.91 -2.05 -0.89 2.15 
HXF singlet 43.1 46.1 -37.6 1.88 -1.99 -0.89 2.11 

HXNa singlet 1.2 2.5 3.5 0.74 -0.44 -0.62 1.19 
HXMgH singlet 6.0 10.7 3.1 0.97 -0.65 -0.73 1.34 
HXAlH2 singlet 9.8 22.0 7.0 1.25 -1.02 -0.77 1.64 
HXSiH3 singlet 20.6 28.2 -10.4 1.43 -1.25 -0.82 1.75 
HXPH2 singlet 26.4 35.8 -12.8 1.56 -1.54 -0.79 1.98 
HXSH singlet 37.8 50.2 -19.4 1.96 -2.18 -0.88 2.23 
HXCl singlet 40.4 43.9 -34.1 1.79 -1.89 -0.85 2.11 

X(NH2)2 singlet 50.7 81.6 -18.4 2.53 -3.59 -0.89 2.84 
X(OH)2 singlet 63.9 74.4 -44.7 2.56 -3.39 -0.97 2.65 
X(SH)2 singlet 46.5 59.1 -22.9 2.09 -2.68 -0.82 2.56 

XF2 singlet 74.2 77.2 -69.7 2.70 -3.45 -1.05 2.56 
XCl2 singlet 60.4 63.5 -55.7 2.22 -2.87 -0.86 2.58 

H2NXOH singlet 55.4 75.0 -31.0 2.55 -3.45 -0.95 2.70 
H2NXSH singlet 49.6 70.7 -20.9 2.36 -3.26 -0.85 2.77 
HOXSH singlet 51.7 61.9 -33.0 2.19 -2.80 -0.86 2.56 

1 singlet 54.4 64.9 -38.8 2.08 -3.21 -0.67 3.09 
2 singlet 49.0 58.0 -37.5 1.95 -2.82 -0.67 2.90 
4 singlet 35.6 46.6 -26.2 1.76 -2.18 -0.71 2.48 
5 singlet 38.5 51.6 -26.3 1.79 -2.55 -0.63 2.85 

All quantities have the same units as in Table A2 
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Table A6 Adiabatic singlet-triplet gap, vertical singlet-triplet gap, spin-related DFT descriptors (spin 

potential ( −µ ) spin hardness ( 0
ssη ) spin-donicity ( −

sω ) and maximal spin acceptance( −∆ max,sN ) of 

nitrenes and phosphinidenes 

 ∆Ead ∆Ev2 −µ  0
ssη  −

sω  −∆ max,sN  

NH (PH) -50.37(-32.07) 50.37(32.07) -3.03(-1.81) -1.99(-1.14) -2.31(-1.44) -1.52(-1.59) 

NLi (PLi) -42.12(-27.54) 42.18(27.56) -1.90(-1.48) -1.37(-0.96) -1.31(-1.14) -1.38(-1.54) 

NCH3
b)  (PCH3) (-28.67) 44.32(30.56) -2.66(-1.74) -1.75(-1.09) -2.03(-1.38) -1.52(-1.59) 

NNH2 (PNH2) 13.39(-1.35) 4.59(3.89) -1.65(-1.09) -1.61(-1.02) -0.85(-0.58) -1.02(-1.07) 

NOH (POH) -20.25(-18.66) 22.61(19.00) -2.19(-1.47) -1.75(-1.07) -1.37(-1.01) -1.25(-1.37) 

NF (PF) -45.769-30.65) 45.87(30.67) -2.85(-1.77) -1.90(-1.12) -2.14(-1.39) -1.50(-1.58) 

NSiH3
b) (PSiH3

b)  44.09(29.85) -2.59(-1.70) -1.71(-1.07) -1.96(-1.35) -1.51(-1.58) 

NPH2 (PPH2) 8.41(-1.93) 21.54(19.29) -1.78(-1.40) -1.45(-1.01) -1.09(-0.96) -1.22(-1.38) 

NSH (PSH) 1.39(-8.37) 9.10(11.72) -1.55(-1.22) -1.45(-0.99) -0.83(-0.75) -1.06(-1.28) 

NCl (PCl) -39.51(-28.62) 39.89(28.67) -2.41(-1.66) -1.61(-1.05) -1.81(-1.30) -1.49(-1.57) 

All quantities have the same units as in Table A2 
b)the compound rearranged to the double-bonded species on the singlet potential energy surface we 
did not calculate the “adiabatic” singlet-triplet gap 
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(c) 

stannylenes
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Figure A4/a--c Spin-philicities (in eV) plotted against the vertical singlet-triplet gap (in kcal/mol) and 

the fitted quadratic function for the investigated compounds with singlet ground state  
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Figure A5 Spin-donicity index (in eV) vs. the vertical singlet-triplet gap (in kcal/mol) for nitrenes (▲)  
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Figure A6 Electrostatic potential calculated at Point A (VA) vs. the reaction energy ∆E (in kcal/mol) 

of the silylenes (2a) and germylenes (2b) with NH3 (SiF2 and SiCl2 are excluded from the fit). 
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Table A7 Calculated interaction energies (in kcal/mol) of substituted germylenes with NH3 and PH3. 

Fukui function on germanium for nucleophilic attack ( +
Gef , in au), global (S, in au) and local softness 

( +
Ges , in au), electrophilicity(ω, in au), local electrophilicity ( +

Geω ,in au) on germanium, global 

electrostatic potential (VA, in au) calculated in Point A (Scheme 6.) at the B3LYP/6-311+G(d,p) level  

molecule 3NH
GeE∆  3NH

GeE∆  +
Gef  S +

Ges  ω +
Geω  VA 

HGeH -22.78 -18.70 1.293§ 3.238 4.185 0.250 0.323 0.071 

HGeBeH -21.26 -22.26 0.923 3.997 3.688 0.271 0.250 0.070 

HGeCH3 -18.83 -13.30 0.919 3.391 3.119 0.212 0.195 0.063 

HGeNH2 -9.31 * 0.866 2.989 2.590 0.170 0.147 0.038 

HGeOH -16.16 * 0.915 3.077 2.817 0.205 0.188 0.058 

HGeF -21.65 -11.57 0.953 3.004 2.862 0.250 0.238 0.080 

HGeMgH -19.81 -21.55 0.859 4.561 3.920 0.255 0.219 0.069 

HGeAlH2 -22.69 -20.57 0.879 4.010 3.524 0.259 0.227 0.069 

HGeSiH3
†         

HGePH2 -17.92 -12.18 0.797 3.565 2.843 0.231 0.185 0.052 

HGeSH -15.43 -7.79 0.795 3.134 2.492 0.230 0.183 0.054 

HGeCl -21.51 -12.58 0.864 3.234 2.794 0.262 0.227 0.072 

Ge(NH2)2 -3.23 * 0.827 2.813 2.326 0.133 0.110 0.020 

Ge(OH)2 -10.58 -1.63 0.861 2.653 2.285 0.192 0.165 0.050 

Ge(SH)2 -10.92 -1.96 0.653 3.184 2.079 0.217 0.142 0.047 

GeF2 -19.99 -6.82 0.914 2.446 2.236 0.274 0.250 0.076 

GeCl2 -19.64 -7.76 0.750 2.992 2.246 0.287 0.215 -0.004 

H2NGeOH -6.69 * 0.829 2.737 2.272 0.160 0.133 0.033 

H2NGeSH -6.99 -0.63 0.714 2.943 2.101 0.170 0.121 0.035 

HOGeSH -11.60 * 0.754 2.917 2.202 0.204 0.154 0.050 

+ the germylene is not stable at the B3LYP level * no stable complex has been found 

§ +
Gef  is larger than one, and +

Hf is negative ( +
Hf =-0.1465 au) 
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Figure A7 Minimum in the electrostatic potential (Vmin) vs. the electrostatic potential calculated in the 

region of the empty 3p orbital (Point A, VA) for the disubstituted silylenes (values are in au) 
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Figure  A8 Reaction energies (∆E) and Gibbs free energies (∆G) (in kcal/mol) of the complexation of 

the silylenes with AlH3 reaction plotted against the minimum of the electrostatic potential (Vmin, in 

au). The doubly substituted species are not included in the fit.  
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Table A8 Ground state multiplicity, adiabatic singlet-triplet energy separation ( ∆Es−t
ad ),spin-

philicity/spin-donicity (ω s
+ /ω s

− ) numbers  calculated by Pérez [ref. 116]a)  

 

Molecule GS ∆Es−t
ad

 
+
sω  −

sω  
Se2 triplet -21.19 - -1.00 

S2 triplet -23.15 - -1.11 

O2 triplet -39.29 - -1.96 

NO2 doublet 74.79 -4.44 - 

NO doublet 125.25 -6.50 - 

a) All the quantities have the same units as in Table A1 
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Figure A9 Relationship between the isodesmic reaction (1) and the dimerization energy at the MP2/6-

311+G(2D) level (Path 2) 
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Figure A10  Singlet-triplet energy separation vs. the dimerization energy at the MP2/6-311+G(2D) 

level (Path 2) 

 

 

 

Table A9 Calculated NICS(1) values of the silylenes and its derivatives: silanes, adducts with BH3 and 

NH3 and triplet silylenes 

 11 12 13 14 1 2 15 16 4 17 

silylene -13.0 -16.5 -12.0  -7.5 -2.6 -9.0 -5.0 -8.2 -3.7 

Complex with BH3 -11.1 -14.7 -8.8  -6.1 -1.8 -7.3 -4.8 -6.8 -3.1 

Silane -5.2 -7.8 -5.1  -1.4 -2.5 -2.5 -4.4 -2.0 -3.3 

Complex with NH3 -10.2 -14.9 -9.2    -4.5 -5.6 -5.1 -4.2 

Triplet silylene -2.2 -7.5   2.3 -1.5 -3.2 -5.0 -0.7 -4.0 

The NICS(1) value of benzene at the same level of theory is: 10.4 ppm 
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Spin potential, spin hardness, spin-philicity, and spin-donicity indices have been extensively studied on a
large set of carbenes, silylenes, germylenes, and stannylenes at the B3LYP/6-31G(d) level. The effect of the
substituents and that of the central atom have been investigated. The sum of the spin potentials calculated in
the singlet and triplet states correlates excellently with the vertical singlet-triplet energy gap. A very good
quadratic relationship between the spin-philicity and spin-donicity indices and the vertical singlet-triplet
energy gaps is obtained. The analogy of the spin-philicity and spin-donicity indices with the electrophilicity
index is discussed in detail.

1. Introduction

Conceptual DFT1 provides precise definitions of well-known,
but historically often vaguely defined chemical properties such
as the hardness2 or the electronegativity.3 However, new
quantities have been introduced as well to better understand
and describe atomic and molecular interactions and properties.
An important step along this way was among others the
definition of the electrophilicity index (ω)4,5 of a given ligand.
Parr et al. suggested a model in which the ligand is embedded
in an ideal zero-temperature free electron sea of zero chemical
potential. In this case, the ligand A will be filled with electrons
up to the point that its chemical potential becomes equal to that
of the sea implying:

as the chemical potential is defined asµ ) (∂E/∂N)V
3 with E

the energy of the system andN the number of electrons. The
energy change of the ligand (∆EA) up to second order due to
electron flow (∆N) from the free electron sea is (the index A
will be dropped from now on) is

whereη ) (∂2E/∂N2)V is the chemical hardness of the ligand.2

Minimizing ∆E with respect to∆N yields the optimal∆N
for the ligand, for which the energy change then becomes:

It was then proposed to call the quantityω ) µ2/2η the
electrophilicity of the ligand, where it was shown that it depends

on both the ionization potential and the electron affinity of
ligand. Moreover, as intuitively expected, the electrophilicity
index was shown to increase with increasing electron affinity.

Very recently Chattaraj et al. have introduced a generalized
concept of philicity.6 They claim that this generalized philicity
is even a more powerful index than the global electrophilicity
of Parr et al.,5 as it contains information both on the Fukui
function and the global electrophilicity of the atom or molecule.

The spin-philicity and spin-donicity indices7 have been
defined by using similar arguments within the context of spin-
polarized DFT. Spin-polarized DFT8 allows one to get some
insight into the chemical properties related to the change in spin
number. Vargas et al. used the spin potentials in the analysis of
the singlet-triplet gap of a small set of halocarbenes and found
that the sum of the spin potentials correlates linearly with the
vertical singlet-triplet energy gap.9 Recent work by Pe´rez et
al.7 demonstrated the applicability of the spin-related DFT
indices in the interpretation of spin-catalysis phenomena.10 For
a small set of di- and triatomic molecules these authors showed
that the spin-philicity and -donicity indices qualitatively account
for their observed spin-catalytic effect and that the spin potentials
quantitatively define the direction and magnitude of the spin
transfer process involved in spin-catalysis phenomena. This
phenomenon is induced by both magnetic and nonmagnetic
(exchange) interactions.10 It operates in triads of spin carriers
(the simplest case being three radicals); pairwise exchange
between either of the partners of the pair and a third spin carrier
induces the spin conversion in the pair of selected spin carriers
(e.g. radical pair); the latter acts as a spin catalyst that transforms
nonreactive spin states of the pair into the reactive one. Overall
this physical phenomenon manifests itself in chemical reactions
of radicals, ions, carbenes, and high-spin molecules and strongly
affects their reaction rates and competition of reaction channels.

However, so far, no detailed investigation has been performed
on a large set of molecules confirming the usefulness of spin-
philicity and spin-donicity. Substituted divalent forms of the
Group 14 elements constitute a suitable set of molecules to be

* Corresponding author. E-mail: pgeerlin@vub.ac.be. Phone:+32.2.629.
33.14. Fax: +32.2.629.33.17.

† Vrije Universiteit Brussel.
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µA ) (∂EA

∂N )
V

) 0 (1)

∆E ) µ∆N + 1/2η(∆N)2 (2)

∆E ) - µ2

2η
(3)
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examined. The ground state of the carbenoid compounds varies
with the atomic number of the central atom and with the
substituents attached to it. While the ground state of CH2 and
most of its derivatives is a3B1 triplet, the ground state of SiH2,
GeH2, and SnH2 is a closed shell,1A1 singlet. In the case of the
carbene, coulomb repulsion between the electrons constrained
to the carbon-centered HOMO is large, and although some
energy must be surmounted to separate the electrons to different
molecular orbitals, this energy is largely compensated by the
accompanying decrease of electron-electron repulsion. Fur-
thermore, the triplet configuration is additionally stabilized by
relief of “exchange repulsion”. In the case of the heavier
hypovalent species the energy difference between the similar
orbitals is larger; furthermore, less energy is gained upon relief
of the electron-electron repulsion energy. Thus the heavier
hypovalent species favor the closed shell, singlet state with
increasing atomic number of the central atom.11 The effect of
the substituent on the ground state of carbenes12 and silylenes12b,13

has been extensively studied and it has been shown that the
most important factor in the stabilization of the singlet car-
benoids is theπ-electron donation from the substituent to the
central atom, while the triplet state can be stabilized with
electropositive subtituents. A convenient way to examine and
quantify the effect of substitution on the stability of carbenoid
compounds (carbenes, silylenes, etc.) is the calculation of
isodesmic reaction energies (∆Hi). In these reactions (see (4)
for a prototype of these) the number and type of bonds is equal
on both sides of the equation allowing the comparison of the
stability of the differently substituted species.

The aim of our work is the study of the spin-related DFT-
based indices, such as the spin potentials, spin hardness, spin-
philicity, and spin-donicity numbers, to give a sound basis to
these indices and to clarify their interpretation. Therefore it is
tempting to explore how these indices change within a given
group of the periodic table with the increasing atomic number
of the central atom and with the different substituents. Although
several papers have used the spin potentials, only one very recent
contribution deals with the spin-philicity and spin-donicity
numbers leaving in our view several open questions. (1)
Conceptually, in which sense are these indices similar to the
electrophilicity index? On the other hand we think it would be
useful to clarify issues such as the following: (2) Does the spin-
philicity/spin-donicity number describe ground-state or excited-
state properties? (3) How is it related to the energy change when
the system acquires a given spin number? To answer these
questions we made a thorough investigation of the spin-related
indices of an elaborate series of carbenes, silylenes, germylenes,
and stannylenes substituted with first- and second-row elements.
In this sense this work is in line with previous studies of our
group on the evolution of DFT-related concepts (electronega-
tivity, hardness, softness, etc.) in a given group or column
throughout the periodic table1b,d,14and recent work of our group
on the use of DFT descriptors in Sn-containing compounds.15

In the set NH2, OH, F, SH, and Cl disubstituted species have
been considered as well. As it is always desirable to connect
the theoretical results with the experimental data, we also
included some well-known already synthesized or predicted to
be synthesizable compounds in our set (see Chart 1).1 (with X
) C and R ) adamantyl) was the first bottleable carbene
synthesized by Arduengo et al. in 1989.16 Not much later the
corresponding silylene17 and germylene18 were synthesized as

well. A few years later219 (with X ) Si), the saturated form of
1, was synthesized and proved to be stable. The R-substituted
form of 3 (X ) C), a thiazol ylidene, was the first non-diamino-
substituted synthesized carbene. Finally420 is a possible target
of silylene synthesis, as it was predicted with appropriate bulky
groups to be as stable as2.

2. Theory and Computational Details

As the abovementioned DFT-based and spin-related indices
were defined at constant external potential, comparison should
be made with vertical singlet-triplet energy gaps. In Figure 1,
which can be considered as an extension of Figure 1 in ref 9,
three different methods are presented to calculate the adiabatic
singlet-triplet energy separation (∆Es-t

ad ). ∆Es-t
ad , the usual

singlet-triplet energy separation is the energy difference
between the lowest lying triplet and singlet states of the
molecule, both at their equilibrium geometry. Path 1 corresponds
to the adiabatic excitation energy, being negative if the triplet
state is more stable than the singlet. Path 2 corresponds to the
case of those molecules with a singlet ground state. The adiabatic
singlet-triplet energy separation can be calculated as the sum
of the “vertical” singlet-triplet energy separation (∆Ev) calcu-
lated at the singlet optimized geometry and the “relaxation
energy” (∆Er). Path 3 shows the similar path for molecules with
triplet ground state. Thus we get:

Note that(∆Ev1) is calculated as the energy of the system in
the triplet state at the optimized singlet geometry minus the
energy of the system in the singlet state, and(∆Ev2) is calculated
as the energy of the system in the singlet state at the optimized
triplet geometry minus the energy of the system in the triplet
state.

RR′X(singlet)+ XH4 f H2XRR′ + XH2 (singlet)

(X ) C, Si, Ge, Sn) (4)

Figure 1. External potential (V) vs spin number (NS): different
pathways of calculation of∆Es-t

ad (for the explanation of all the
quantities see text).

CHART 1

∆Es-t
ad ) ∆Ev1 + ∆Er1 ) - (∆Ev2 + ∆Er2) (5)
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The energy change(∆Ev) due to a change in spin number
(∆NS) at constant external potential (V) and number of electrons
(N) can be expanded in a Taylor series around a reference point;
in the {N,NS} representation of spin-polarized DFT21 we get:

whereµs
0 is the spin-potential8c,22 and ηss

0 the spin hardness.9

As the energy is not an analytical function of the spin number
(NS), and has noncontinuous first partial derivatives with respect
to the spin number evaluated at integer values ofNS (when the
total number of electrons is kept fixed),µs

0 always must be
calculated in a given direction, i.e., toward increasing (µs

+) or
decreasing (µs

-) multiplicities.
As stated, the spin potential is defined as the first-order partial

derivative of the energyE with respect to the spin number (NS).
It describes the energy required to change the spin multiplicity
of an electronic state at constant external potential (V) and
electron number (N). The value of the spin potential can be
evaluated by using the finite difference formulas proposed by
Galvan et al.9,22 as

These expressions contain the one-electron energies of the
HOMO and LUMO orbitals for the system in lower (M) and
upper (M′) spin multiplicities, respectively. These formulas can
be easily understood within the Koopmans approximation in a
UHF scheme. For the transition of a system from lower
multiplicity M to a higher multiplicityM′, one has to remove
one electron from theâHOMO orbital of the system and place it
in theRLUMO orbital. In the case of decreasing multiplicity one
removes one electron from theRHOMO orbital of the system and
places it in theâLUMO orbital (Chart 2).

The spin hardness (ηss
0 ) is related to the second partial

derivative of the energy with respect to the spin coordinates
and can be calculated from the spin potentials:

It measures the concavity of theE versusNS curve in the given
interval.

The spin-philicity power (ωs
+) and the spin-donicity number

(ωs
-) were defined similarly to the electrophilicity. Consider-

ing a “sea of spins” on the basis of (6) with a simple variational
calculation as used for the derivation of the electrophilicity
index, Perez et al. arrived at the following formula for the
maximal energy change:7

In the direction of increasing spin multiplicity (∆NS > 0),
they suggested using this energy difference as the spin-philicity
index of the system:

The spin-donicity number is defined in the direction of
decreasing multiplicity (∆NS < 0) and the reference state is
µs

-:

The analogy between the electrophilicity and spin-philicity
is clear with the exception of the negative sign in the spin-
philicity index, which yields a difference in the interpretation.
If we consider the electrophilicity values, (e.g. as in ref 5) we
see that a large positive electrophilicity index corresponds to a
large energy difference between the neutral and the lower lying
negatively charged system, and a small electrophilicity index
is obtained in the case of smaller energy changes. Thus we can
say that a molecule with a large electrophilicity index “likes”
to receive electrons, i.e., it is a good “electrophile”.

However the spin-philicity index was introduced as the energy
change itself, and not the negative of the energy change. As a
result, a large spin-philicity index is expected if the energy
difference between the higher and lower spin states is large,
and a small index occurs in the case of small differences. This
is somewhat contradictory with chemical intuition, since the
name “spin-philic” suggests that the energy difference between
the higher and lower spin states is small compared to the less
“spin-philic” species. Therefore we propose that not the energy
change but its negative should be used to define the spin-
philicity index of a given species, similarly to the definition of
Parr et al. for the electrophilicity index.

CHART 2

∆EV,N ) µs
0∆NS + 1

2
ηss

0 (∆NS)
2 (6)

µs
- ) ( ∂E

∂NS
)

N,V

-
=

(εH
R(M′) - εL

â(M′))
2

(7)

µs
+ ) ( ∂E

∂NS
)

N,V

+
=

(εL
R(M) - εH

â (M))

2
(8)

ηss
0 ) (∂2E

∂NS
2)

V,N

=
µs

- - µs
+

2
(9)

∆Emax,V,N ) -
(µs

0)2

2ηss
0

(10)

ωs
+ ≡ -

(µs
+)2

2ηss
0

(11)

ωs
- ≡ -

(µs
-)2

2ηss
0

(12)

ωs
+ ≡ (µs

+)2

2ηss
0

(13)
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In this case, if the energy change between the higher and
lower spin states is large, one gets a large negative number for
the spin-philicity index, and if the energy difference is small
the result is a small negative spin-philicity index. Applying this
definition to the results obtained by Vargas et al. in ref 6, this
would mean that molecules with large negative spin-philicity
values are good spin catalysts.

In the case of the spin-donicity index we also propose to use
the negative of the energy change as the index on the basis of
a similar reasoning as used in the case of the spin-philicity index.

If a system has a triplet ground state and the singlet state
lies much higher in energy, we expect a small spin-donicity
number. This means that the triplet state is energetically favored,
i.e., the system does not want to decrease its spin number. If
the energy difference between triplet and singlet states is smaller,
a large spin-donicity number is to be expected.

All the structures treated in this work were fully optimized
in both their singlet and triplet states at the (U)B3LYP level of
theory with the 6-31G(d) basis set, using the Gaussian 98
program.23 This basis set has been shown to be appropriate for
the qualitative analysis of singlet-triplet energy gaps.24 For Sn,
the LANL2DZ25 basis set was used augmented with a d-type
polarization function.26 This basis set has proved to be of great
value in recent studies of the HSAB principle on tin-containing
molecules.15 Analytical second derivative calculations were
performed to ensure that all the stationary points were real
minima on the potential energy surface. Although at the DFT
level one has no wave function, theS2 expectation value of the
Slater determinant constructed from the Kohn-Sham orbitals
is frequently used as a probe of the UKS scheme. In our case
the S2 values for the triplets were always very close to 2,
implying that the contamination with higher spin states is
negligible. Single-point calculations were performed in the triplet
state on the geometry corresponding to the singlet state and vice
versa to evaluate the vertical singlet-triplet energy separations.

3. Results and Discussion

Table 1 contains the calculated adiabatic singlet-triplet
energy separations, vertical singlet-triplet gaps, spin potential
(µs

+, µs
-) values, spin-hardnesses (ηss

0 ), spin-philicity/spin-do-
nicity numbers, and maximal spin acceptance/spin release
values(∆NS,max). The spin-related indices are only presented for
the correspondinggroundstate, i.e., for molecules with a singlet
ground stateµs

+, ωs
+, ηss

0 , and∆NS,max
+ , and for molecules with

a triplet ground state onlyµs
-, ωs

-, ηss
0 , and ∆NS,max

- are
presented. It is self-evident that for molecules in the singlet
ground state no spin-donicity should be calculated, as there is
no lower lying spin state. For molecules with triplet ground
state, all of these indices can be calculatedµs

-, ωs
- in the

direction of the singlet state andµs
+, ωs

+, and ∆NS,max
+ in the

direction of the quintet state, but as we are only interested in
the ground state properties for these molecules onlyµs

-, ωs
-, ∆

NS,max
- have been considered. Note that in general these indices

can be used to describe ground- and excited-state properties as
well.

Adiabatic and Vertical Singlet-Triplet Energy Separa-
tions. It has been shown that the evaluation of accurate
quantitative singlet-triplet energy gaps requires precise, highly
sophisticated MRCI calculations with large basis sets.27 How-

ever, it is also known that the main sources of errors do not
change significantly with the method,28 Mendez et al., e.g., found
that the B3LYP/6-31G(d) values were systematically lower by
2-4 kcal/mol than the experimental ones.24 Therefore we can
assume that our values will exhibit the correct qualitative trends.

As can be seen from the comparison of the data, the
stabilization of the singlet state increases with increasing atomic
number of the central atom for all the substituents except for
the examined ring compounds. In the stabilization of the singlet
state the difference between the C and Si compounds is much
larger (15-35 kcal/mol) than that between the Si and Ge or Sn
compounds, which is in accordance with the somewhat different
behavior of the first-row elements, as compared to the elements
of higher periods.

The vertical energies have been evaluated at two geom-
etries: at the optimized singlet(∆Ev1) and triplet (∆Ev2)
geometries. Evidently, the vertical energies are always larger
than the adiabatic singlet-triplet gaps as they do not include
the energy decrease due to geometry relaxation (in this sense
∆Ev2 is larger than∆Et-s

ad , the energy difference calculated as
the energy of the optimized singlet state minus the energy of
the optimized triplet state; as∆Et-s

ad ) -∆Es-t
ad , this implies

that ∆Ev2 is larger than-∆Es-t
ad ). This “relaxation energy” is

large if the optimized singlet and triplet geometries are
considerably different. The difference is most pronounced in
the case of HCNH2 and HCPH2 (and also in their corresponding
silylenes). In these molecules, the N and P atoms are strongly
pyramidalized in the triplet state, while the N atom is planar
and the P is almost planar in the singlet state. The degree of
the planarity of the heteroatom in the singlet state decreases
with the atomic number of the central atom.

Let us consider the cycle depicted in Figure 1 (Path 2 and in
the reverse direction Path 3). On the basis of the signs of the
vertical excitation energies three energetically different cycles
exist (see Figure 2). Molecules with a highly stable triplet ground
state behave as shown in the first cycle. Molecules with singlet
and triplet states of similar stability behave according to cycle
2. Molecules with a highly stable singlet state act as shown in
cycle 3. When going down the carbon group, the compounds
shift toward categories 2 and 3. Furthermore, the molecules shift
toward categories 2 and 3 with increasing capability of sub-
stituents to stabilize the singlet state.

In Figure 3 the vertical energies are plotted against∆Es-t
ad

for carbenes (similar curves have been found in the case of
silylenes, germylenes, and stannylenes as well). Vargas et al.
found that for a limited series of halocarbenes, these two values
differed only by a constant.9 This is, however, not true for our
set, as it exhibits much broader structural variety, but the linear
relationship still holds. The correlation is much better for∆Ev1

than for∆Ev2; this may be due to the fact that∆Ev2 is calculated
from an excited state, as most of the molecules exhibit a singlet
ground state. Similar curves exist for silylenes, germylenes, and
stannylenes.

Spin-Related Conceptual DFT Indices.Comparison of the
numerical data for the four molecular groups shows that with
the increasing atom number of the central atom the spin hardness
slightly increases (becomes less negative). This is in contrast
with the changing of the hardness of the molecule: the hardness
decreases with the atomic number of the central atom. The spin-
philicity and spin-donicity numbers decrease (become more
negative) with the increasing atomic number of the central atom
for a given substituent. Similar trends cannot be observed in
the case of the spin potential values.

ωs
- ≡ (µs

-)2

2ηss
0

(14)
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Vargas et al. showed that the energy difference estimated on
the basis of the sum of the spin potentialsµs

+ andµs
- calculated

in the singlet and triplet state correlates very well with the
vertical singlet-triplet energy gap.9 We have confirmed this
(R2 >0.99 in all cases) for all the compounds (Figure 4). It is
worth noting that the parameters of the linear fit are the same
for all carbenoid compounds and do not depend on the ground
state of the molecules.

An interesting feature of the spin potentialµs
+is that it gives

information on the stability of carbene type compounds. In
Figure 5, the changes of∆Es-t

ad , µs
+, and ∆Hi (isodesmic

reaction energy for reaction 4, calculated at the B3LYP/6-31G-
(d) level taken from ref 29) are plotted for the silylenes
substituted by first- and second-row elements. As mentioned
earlier the isodesmic reaction energy can be used to quantita-
tively compare the stabilities of similar molecules, e.g. that of

TABLE 1: Ground State Multiplicity (singlet or triplet), Adiabatic Singlet -Triplet Energy Separation (∆
Es-t

ad ), Vertical Energies (∆EW1, ∆EW2), Spin Potentials (µs
+/µs

-), Spin Hardness (ηSS
0 ), Spin-Philicity/Spin-Donicity (ωs

+/ωs
-)

Numbers, and Maximal Spin Acceptance (∆NS,max
+ /∆NS,max

- ) for the Investigated Compoundsa

molecule
GS

multb ∆Es-t
ad ∆Ev1 ∆Ev2 µs

+/µs
- ωs

+/ωs
- ηss

0 ∆NS,max molecule
GS

multb ∆ Es-t
ad ∆Ev1 ∆Ev2 µs

+/µs
- ωs

+/ωs
- ηss

0 ∆NS,max

a. carbene compounds (X) C)
HXH t -13.7 -1.4 27.2 -2.28 -1.53 -1.69 -1.35 HXCl s 2.2 10.9 9.5 1.70 -1.00 -1.45 1.18
HXLi t -32.1 -32.1 32.1 -1.64 -1.14 -1.17 -1.40 X(NH2)2 s 52.1 89.5 4.2 3.40 -3.96 -1.46 2.33
HXBeH t -34.2 -29.9 34.5 -2.14 -1.58 -1.45 -1.48 X(OH)2 s 56.6 75.2 -2.4 3.18 -3.27 -1.55 2.06
HXCH3 t -6.9 11.2 21.1 -2.02 -1.30 -1.57 -1.29 X(SH)2 s 24.4 37.8 20.8 2.10 -1.76 -1.26 1.67
HXNH2 s 31.5 53.8 47.2 2.62-2.36 -1.45 1.80 XF2 s 52.2 60.4 -40.8 2.99 -2.67 -1.67 1.79
HXOH s 23.4 34.2 16.5 2.27-1.70 -1.52 1.49 XCl2 s 16.6 24.7 -5.6 1.90 -1.34 -1.35 1.41
HXF s 12.1 19.4 -1.3 2.02 -1.29 -1.59 1.27 H2NXOH s 54.3 79.8 -4.6 3.22 -3.50 -1.48 2.17
HXNa t -26.1 -18.3 33.1 -1.12 -0.70 -0.89 -1.25 H2NXSH s 38.9 64.1 10.6 2.76 -2.80 -1.36 2.03
HXMgH t -32.3 -23.7 34.8 -2.04 -1.50 -1.38 -1.47 HOXSH s 35.7 49.1 21.1 2.47-2.20 -1.39 1.78
HXAlH 2 t -21.3 -20.0 22.3 -1.71 -1.08 -1.36 -1.26 1 s 82.1 99.7 -39.2 3.38 -4.43 -1.29 2.62
HXSiH3

c 2 s 69.4 89.9 -23.2 3.35 -3.97 -1.41 2.37
HXPH2 s 6.6 51.3 38.0 2.37-2.31 -1.22 1.95 3 s 66.2 77.5 -42.7 2.89 -3.41 -1.22 2.36
HXSH s 13.8 32.8 35.2 2.09-1.62 -1.34 1.55 4 s 38.2 52.4 -16.9 1.91 -2.09 -0.88 2.19

b. silylene compounds (X) Si)
HXH s 20.1 29.3 -8.8 1.68 -1.34 -1.05 1.60 HXCl s 33.7 38.4 -26.2 1.81 -1.68 -0.98 1.85
HXLi t -6.8 -1.9 16.2 -1.11 -0.75 -0.82 -1.35 X(NH2)2 s 55.6 86.1 -12.0 2.93 -3.95 -1.08 2.70
HXBeH t 0.0 9.5 11.0 -1.17 -0.73 -0.94 -1.25 X(OH)2 s 66.4 80.4 -44.0 2.85 -3.63 -1.12 2.55
HXCH3 s 22.3 30.1 -12.2 1.68 -1.37 -1.03 1.63 X(SH)2 s 43.1 57.9 -8.9 2.19 -2.56 -0.94 2.34
HXNH2 s 41.0 59.2 -6.4 2.27 -2.58 -1.00 2.27 XF2 s 75.6 79.4 -70.9 2.90 -3.52 -1.20 2.42
HXOH s 39.9 47.3 -21.3 2.04 -2.05 -1.02 2.00 XCl2 s 53.0 56.9 -47.6 2.24 -2.48 -1.01 2.22
HXF s 39.1 43.1 -32.6 1.97 -1.87 -1.04 1.90 H2NXOH s 60.1 80.5 -27.8 2.81 -3.67 -1.08 2.61
HXNa t -3.8 -1.2 10.2 -0.81 -0.46 -0.71 -1.14 H2NXSH s 50.1 72.6 -10.3 2.55 -3.29 -0.99 2.58
HXMgH t -0.7 5.7 10.8 -1.10 -0.69 -0.88 -1.25 HOXSH s 51.9 68.7 -24.7 2.48 -3.08 -1.00 2.49
HXAlH 2 s 3.9 16.7 15.1 1.27-0.90 -0.90 1.41 1 s 59.3 76.6 -37.5 2.41 -4.03 -0.72 3.35
HXSiH3 s 13.45 22.7 -1.9 1.45 -1.10 0.95 1.52 2 s 75.5 82.1 -65.1 2.69 -3.82 -0.95 2.84
HXPH2 s 22.4 39.6 -2.4 1.79 -1.73 -0.92 1.93 3 s 56.6 73.6 -34.5 2.32 -3.84 -0.70 3.32
HXSH s 32.9 48.9 -7.7 2.05 -2.13 -0.99 2.07 4 s 60.3 69.0 -44.0 2.32 -3.16 -0.85 2.73

c. germylene compounds (X)Ge)
HXH s 26.3 36.2 -14.2 1.71 -1.59 -0.92 1.86 HXCl s 41.3 45.1 -34.3 1.83 -1.97 -0.85 2.15
HXLi t -5.8 -1.3 18.1 -1.13 -0.92 -0.69 -1.63 X(NH2)2 s 55.8 91.6 -17.3 2.86 -4.43 -0.93 3.10
HXBeH s 1.5 11.6 13.4 1.12-0.73 -0.87 1.29 X(OH)2 s 70.7 83.6 -47.5 2.80 -3.98 -0.98 2.84
HXCH3 s 27.3 35.4 -16.4 1.68 -1.56 -0.91 1.85 X(SH)2 s 48.8 63.4 -18.8 2.20 -2.95 -0.82 2.68
HXNH2 s 43.9 64.8 -13.4 2.29 -2.96 -0.89 2.58 XF2 s 82.7 85.9 -78.2 2.91 -4.06 -1.04 2.79
HXOH s 44.7 51.7 -27.6 2.04 -2.28 -0.91 2.24 XCl2 s 62.7 66.1 -57.4 2.28 -3.06 -0.85 2.68
HXF s 45.4 48.6 -39.3 1.97 -2.13 -0.91 2.16 H2NXOH s 62.3 84.5 -32.0 2.79 -4.06 -0.96 2.91
HXNa t -2.2 -0.3 8.6 -0.76 -0.44 -0.67 -1.14 H2NXSH s 53.4 89.2 -17.9 2.54 -5.39 -0.60 4.24
HXMgH s 1.5 7.4 10.7 0.95 -0.58 -0.77 1.23 HOXSH s 57.3 73.9 -31.7 2.46 -3.50 -0.87 2.84
HXAlH 2 s 6.7 20.0 14.3 1.26-0.98 -0.81 1.55 1 s 50.4 64.5 -34.3 2.17 -3.17 -0.74 2.92
HXSiH3

c 2 s 67.9 77.1 -52.2 2.44 -3.82 -0.78 3.13
HXPH2 s 26.3 38.9 -8.4 1.67 -1.70 -0.82 2.04 3 s 49.0 64.1 -32.6 2.11 -3.21 -0.69 3.05
HXSH s 38.9 55.0 -16.0 2.08 -2.46 -0.88 2.37 4 s 58.8 68.3 -38.7 2.25 -3.28 -0.77 2.92

d. stannylene compounds (X) Sn)
HXH s 26.6 34.5 -16.4 1.65 -1.49 -0.91 1.81 HXCl s 40.4 43.9 -34.1 1.79 -1.89 -0.85 2.11
HXLi t -0.7 2.4 8.5 -0.87 -0.52 -0.72 -1.20 X(NH2)2 s 50.7 81.6 -18.4 2.53 -3.59 -0.89 2.84
HXBeH s 7.1 15.0 4.1 1.14-0.80 -0.82 1.40 X(OH)2 s 63.9 74.4 -44.7 2.56 -3.39 -0.97 2.65
HXCH3 s 26.9 33.6 -17.9 1.61 -1.46 -0.89 1.81 X(SH)2 s 46.5 59.1 -22.9 2.09 -2.68 -0.82 2.56
HXNH2 s 40.8 58.4 -16.3 2.13 -2.56 -0.88 2.41 XF2 s 74.2 77.2 -69.7 2.70 -3.45 -1.05 2.56
HXOH s 41.7 47.4 -27.9 1.91 -2.05 -0.89 2.15 XCl2 s 60.4 63.5 -55.7 2.22 -2.87 -0.86 2.58
HXF s 43.1 46.1 -37.6 1.88 -1.99 -0.89 2.11 H2NXOH s 55.4 75.0 -31.0 2.55 -3.45 -0.95 2.70
HXNa s 1.2 2.5 3.5 0.74-0.44 -0.62 1.19 H2NXSH s 49.6 70.7 -20.9 2.36 -3.26 -0.85 2.77
HXMgH s 6.0 10.7 3.1 0.97 -0.65 -0.73 1.34 HOXSH s 51.7 61.9 -33.0 2.19 -2.80 -0.86 2.56
HXAlH 2 s 9.8 22.0 7.0 1.25-1.02 -0.77 1.64 1 s 54.4 64.9 -38.8 2.08 -3.21 -0.67 3.09
HXSiH3 s 20.6 28.2 -10.4 1.43 -1.25 -0.82 1.75 2 s 49.0 58.0 -37.5 1.95 -2.82 -0.67 2.90
HXPH2 s 26.4 35.8 -12.8 1.56 -1.54 -0.79 1.98 3 s 35.6 46.6 -26.2 1.76 -2.18 -0.71 2.48
HXSH s 37.8 50.2 -19.4 1.96 -2.18 -0.88 2.23 4 s 38.5 51.6 -26.3 1.79 -2.55 -0.63 2.85

a Adiabatic singlet-triplet energy separation and vertical energies in kcal/mol, spin potential values in V, spin-hardness in V/spin units, spin-
philicity and spin-donicity values in eV, maximal spin acceptance in spins.b Singlet ) s; triplet ) t. c No stable species has been found at the
B3LYP level of theory.
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the substituted carbenes or silylenes. From Figure 5 it can be
seen that all three quantities predict the same ordering for the
stabilization effect of the different substituents. It must be noted
that the approximate formula forµs

+ corresponds to twice the
hardness of the singlet molecule; it is known that large HOMO-
LUMO differences, thus a large hardness, imply high stability,
due to the maximum hardness principle.30 It is worth noting
that in a spin-polarized case (e.g. in the triplet state) the
relationship between the HOMO-LUMO gap and the stability
of the molecule is not straightforward, as in open-shell cases
the LUMO is not well-defined and may lie below the HOMO.31

In Figure 6 the maximal spin acceptance (∆NS,max
+ ) of the

molecules is plotted against the vertical energies for carbenes
with singlet ground state and the maximal spin release
(∆NS,max

+ ) for carbenes with triplet ground state. It shows that
molecules with larger vertical energies are able to accept more
spins from the “sea” or donate more spins to the “sea”. This
seems to be in contrast with intuition; one would expect a system
with a stable singlet state to take fewer spins from the sea. This
is, however, similar in the case of spin catalysis. Pe´rez et al.
found that molecules with larger vertical energies are proven
to be experimentally better spin catalysts.7 A possible explana-
tion for this fact is that one is describing an energetically
unfavorable process; molecules with singlet ground state accept
spins from the sea and molecules with triplet ground state donate
spins to the sea. The larger the energy difference between the

two states, the larger the destabilization of the molecule and
the more spins it can accept or donate. The more destabilized
molecule can more easily convert the spin state of the reactants
during the catalytic process.

Figure 7 shows the dependence of the spin-philicity index
on the vertical energy gap. As we are interested in the singlet
and triplet states, spin-philicities are presented only for mol-
ecules with singlet ground state. Although the correlation

Figure 2. Total energy (Etotal) vs the external potential (V). Relative
stability of singlet and triplet states.

Figure 3. The estimated singlet-triplet gap (in kcal/mol) on the basis
of the sum of the spin-potentials (µs

+ + µs
-) plotted against the

corresponding vertical singlet-triplet energy separations (∆Ev1 at the
singlet geometry and∆Ev2 at the triplet geometry (in kcal/mol)) for
the investigated carbenes, silylenes, germylenes, and stannylenes.

Figure 4. The calculated vertical singlet-triplet energy separations
(∆Ev1 and∆Ev2 (in kcal/mol)) as a function of the adiabatic singlet-
triplet energy separation (∆Es-t

ad (in kcal/mol)) for the investigated
silylenes.

Figure 5. Comparison of the isodesmic reaction energy(∆Hi) (eq 4)
(in kcal/mol), spin potential (µs

+) (in 10-1 V), and adiabatic singlet-
triplet gap∆Es-t

ad (in kcal/mol) in the first and second row substituted
silylenes (isodesmic reaction energy taken from ref 29 at the B3LYP/
6-31G(d) level).
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coefficient of the linear fit is very good (R2 ) 0.986 for carbenes,
R2 ) 0.969 for silylenes,R2 ) 0.955 for germylenes, andR2 )
0.984 for stannylenes), one could suggest a quadratic fit based
on the behavior of the fitted function near the end points of the
range considered. Furthermore, a quadratic dependence of the
spin-philicity on the vertical energy is expected on the basis of
the formula for spin-philicity (eq 11). From the numerical data
presented in Table 1a-d it is obvious that the spin hardness
does not change significantly for the different substituents. As
a result the spin-philicity is mainly dominated byµs

+, calcu-
lated in the singlet state, which correlates linearly with the∆Ev

energy difference (eq 6).

The spin-donicity number gives information about the energy
changes in the direction of decreasing multiplicity. Since the
properties are only computed for ground states, the spin-donicity
numbers are only presented in the tables for the compounds
with triplet ground state. Most of these molecules belong to
the carbenes, therefore the spin-donicity number as a function
of the vertical energy is only depicted for the carbenes (Figure
7). (The curve includes those carbenes, as well, whose ground
state is singlet, but they are all calculated in the triplet state.)
Similarly to the spin-philicity curve, the spin-donicity decreases
with the vertical-singlet triplet gap. Note, however, that now
the vertical gap is calculated with the triplet state as the reference

Figure 6. Linear relationship between the maximal spin acceptance∆NS,max
+ (in spins) and the∆Ev1 (in kcal/mol) for molecules with singlet ground

state and maximal spin release∆NS,max
- (in spins) plotted against∆Ev2 (in kcal/mol) for molecules with triplet ground state.

Figure 7. (a, b) Spin-philicities (in eV) plotted against the vertical singlet-triplet gap (in kcal/mol) and the fitted quadratic function for the
investigated compounds with singlet ground state. (c, d) Spin-philicities (in eV) plotted against the vertical singlet-triplet gap (in kcal/mol) and the
fitted quadratic function for the investigated compounds with singlet ground state.
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point. A large negativeωs
- is expected if the vertical gap is

large, i.e., much energy is necessary to reach the excited singlet
state. The correlation (both of the linear and quadratic fit) for
the spin-donicity number curve is much worse than in the case
of the spin-philicity powers, which may be explained by the
fact that for the majority of the molecules the spin-donicity is
calculated in an excited state. If HCNa is excluded from the
set, however, a much better correlation is achieved. It is worth

noting that the spin-philicity and spin-donicity curves have the
same intercept, meaning that they predict the same energy
change if the system goes from the triplet state to the singlet
state or vice versa if the vertical energy is zero.

It is anticipated thatωs
+/ωs

- should be related to the vertical
energy, because both of these quantities measure the capability
of an agent to accept/donate spins. However,∆Ev1/∆Ev2 reflects
the capability to accept/donate exactly two spins (i.e. the spin
of one electron changes), whereas the spin-philicity/spin-donicity
index (ωs

+/ωs
-) measure the increase of the energy of the

ligand due to maximal spin flow between donor and acceptor.
The spin change may be either less or more than two. These
are values of a similar type as those listed by Parr et al. in the
case of the electrophilicity index.5 They found values slightly
less than one for the maximal electron flow. In our case the
typical value is around two, which corresponds to the spin
change of one electron.

At first sight the energy difference between the corresponding
spin states of the molecule may seem to be used for the spin-
philicity/spin-donicity index, but the definition ((µs

()2/2ηss
0 ) as

in eqs 11 and 12 only pertains the basic quantities governing
small changes away from the initial state, the first orderµs

(

and the second-orderηss
0 (as was pointed out by Parr et al. in

the case of the electrophilicity index).

CHART 3: Comparison of the Definitions, Defining Equations, Properties of Electrophilicity, Spin-Philicity, and Spin-
Donicity Indices As Used in the Present Study

Figure 8. The spin-donicity (in eV) calculated in the triplet state and
plotted against the corresponding vertical singlet-triplet gap (in kcal/
mol) for the investigated carbenes. The quadratic relationship is shown.
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In Chart 3 the electrophilicity, spin-philicity, and spin-donicity
indices are summarized; the corresponding equations are col-
lected together with the basic quantities. The dependence of
these quantities on the energy change of the system is schemati-
cally depicted. (∆E refers to the energy difference between the
anion and the neutral molecule (-A) in the case of the
electrophilicity, and to the energy difference between the singlet
and triplet states of the molecule (∆Ev) in the case of the spin-
philicity/spin-donicity indices.∆Emax is the energy change when
the ligand acquires∆Nmax electrons, and when the spin number
change of the molecule is∆NS,max). All the three indices (ω,
ωs

+, ωs
-) are based on the same idea: measuring the energy

difference in the case of maximal electron/spin flow from the
zero potential sea of electrons/spins toward the ligands. All of
them decrease if the energy difference between the correspond-
ing states of the molecule increases. As the uptake of electrons
from the sea is an energetically favorable process,∆E is smaller
than zero in the case of the electrophilicity index. The spin-
philicity and spin-donicity indices refer to an energetically
unfavorable process, thus∆E is larger than zero in those cases.
The analysis of∆Nmax and ∆NS,max values shows that in the
case of taking up electrons from the sea, the sign of the maximal
electron acceptance and the electronic chemical potential is
opposite, so ligands with less negative chemical potential will
take up fewer electrons from the sea. However, in the case of
the spin-philicity and spin-donicity indices∆NS,maxalways has
the same sign as the spin potential. As a result molecules with
larger∆Ev1 (with more stable singlet state) will take up more
spins from the “sea of spins” and molecules with larger∆Ev2-
(with more stable triplet ground state) will donate more spins
to the sea.

4. Conclusion

In the present work spin-related conceptual DFT indices were
calculated for a large series of carbenes, silylenes, germylenes,
and stannylenes together with the corresponding adiabatic and
vertical singlet-triplet energy gaps. It has been shown that the
vertical energies correlate linearly with the adiabatic singlet-
triplet energy gap. The spin hardness values only slightly change
with the different substituents, but increase with the atomic
number of the central atom for a given substituent. The spin-
philicity and spin-donicity indices are relevant to two neighbor-
ing spin states and can describe both ground-state and excited-
state properties. It has been shown that both the spin-philicity
and spin-donicity indices decrease according to a quadratic
function if the energy difference between the corresponding
singlet and triplet states increases. The analogy with the
electrophilicity index has been discussed in detail and it has
been proposed to use (µs

()2/2ηss
0 as the spin-philicity/spin-

donicity index similarly to the electrophilicity index. A very
good linear correlation has been found between the energy
difference estimated on the basis of the sum of the spin potentials
and the vertical triplet energy gaps independent of the ground
state of the molecule and the atomic number of the central atom.
The spin-philicity values can predict the singlet-triplet gaps
to a good accuracy, using a quadratic fit, even though a linear
correlation already gives quantitative agreement. The maximal
spin acceptance and spin release∆NS,max

( values in the case of
molecules with large vertical energies may be helpful in the
investigation of the spin catalysis phenomenon.
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a Department of Inorganic Chemistry, Budapest University of Technology and Economics, S. Gellért tér 4, H-1521 Budapest, Hungary
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Abstract

Spin indices of some simple nitrenes (R-N) and phosphinidenes (R-P), in both lowest-lying singlet and triplet states, have been

evaluated using density functional computations at the B3LYP/6-311+G(d,p) level. Relatively good correlations between the spin

hardness, spin-philicity and spin-donicity, and the vertical singlet–triplet energy gaps have been established. A comparison with spin

indices of related reactive intermediates such as carbenes, silylenes and germylenes allows their similarities and differences to be

emphasized.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

The spin-philicity and spin-donicity have been intro-

duced by Pérez et al. [1] who suggested that these density

functional theory-based reactivity indices could qualita-
tively predict the spin-catalytic effect of molecules.

Within this approach, we have recently examined the

spin-related indices of a series of simple carbenes, silyl-

enes, germylenes and stannylenes [2]. Accordingly, a

good linear relationship has been established not only

between the spin-philicities of the di-coordinated inter-

mediates considered and their vertical singlet–triplet

energy gaps, but also between the maximal spin accep-
tances and the vertical singlet–triplet gaps.

Due to the fact that most of the investigated R1XR2

compounds exhibit a closed-shell singlet ground state,

with the exception of a few carbenes, we could not

examine in more details the maximal spin release and

spin-donicity indices. Therefore, we have turned to the
0009-2614/$ - see front matter � 2004 Elsevier B.V. All rights reserved.
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properties of nitrenes (R-N) and phosphinidenes (R-P)

whose ground state inherently belongs to the triplet

manifold. We have paid a particular attention to the

questions as to whether these indices could allow us to

explore the spin-related properties of compounds and
they could be used as a new tool to find the similarities

between different molecular groups. In fact, elements in

the same main group of the periodic table are long

known to possess similar character as well as their com-

pounds. However, according to the diagonal rule, ele-

ments being on the same local diagonal are supposed

to be similar as well. It is enough inspirational to think

of �phosphorus: the carbon copy� [3]. A large amount
of papers have also discussed for example, the boron-

silicon similarity. We thus attempt to figure out if the

spin-related indices contain any information on the sim-

ilarity of the R1–X–R2 and R-Y molecular groups.
2. Calculations

The spin-philicity and spin-donicity indices have been

defined within the context of spin-polarized density

mailto:Tveszpremi@mail.bme.hu 
mailto:minh.nguyen@chem.kuleuven.ac.be 
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functional theory [4–6]. The main idea behind these spin

indices is to look at the energy change of a ligand when

it is submerged into a zero-spin potential sea of �spins� at
maximal spin flow. If the ligand receives spins from the

sea, the negative of the energy change is defined as the

spin-philicity index ðxþ
s Þ. On the contrary, if the ligand

donates spins to the sea, the negative of the energy

change is thus defined as the spin-donicity index ðx�
s Þ.

These indices are expressed as follows:

x�
s �

l�
s

� �2
2g0ss

; ð1Þ

where l�
s is the spin-potential in the direction of increas-

ing ðlþ
s Þ or decreasing ðl�

s Þ multiplicity [7,8] and g0ss the
spin hardness. Furthermore, the maximum spin flow

corresponding to this change in energy can be expressed

as:

DN�
s;max ¼ � l�

s

g0ss
: ð2Þ

Within the finite difference approximation [7,8], the spin
potentials are boiled down to the following expressions:

l�
s ¼ oE

oN s

� ��

N ;v

ffi
eaH M 0ð Þ � ebL M 0ð Þ
� �

2
; ð3Þ

lþ
s ¼ oE

oN s

� �þ

N ;v

ffi
eaL Mð Þ � ebH Mð Þ
� �

2
: ð4Þ

Thus, both the above expressions contain the one

electron energies of the HOMO (eH) and LUMO(eL)
orbitals for the system in lower (M) and upper (M 0)

spin-multiplicities, respectively.

The spin-hardness ðg0ssÞ is related to the second partial

derivative of the energy with respect to the spin-coordi-

nates and can be calculated from the spin-potentials

g0ss ¼
o2E

oN 2
s

� �
v;N

ffi l�
s � lþ

s

2
: ð5Þ

We have carried out quantum chemical calculations

on 10 different substituted nitrenes and phospinidenes
(R-N and R-P, where R = H, Li, CH3, NH2, OH, F,

SiH3, PH2, SH and Cl). All the structures were fully

optimized both in their singlet and triplet states using

density functional theory (DFT) with the hybrid

B3LYP functional, in conjunction with the

6-311+G(d,p) basis set. Analytical second derivative

calculations were performed to ensure that all the sta-

tionary points were real local minima on the potential
energy surfaces. All the calculations were performed

using the GAUSSIANAUSSIAN 03 program [9]. The unrestricted

UB3LYP formalism has been used for open-shell sys-

tems. Although wave functions are not involved in the

DFT, the ÆS2æ expectation values of the Slater determi-

nants constructed from the Kohn–Sham orbitals are fre-

quently used as a probe for the quality of the
unrestricted UKS scheme. In the present cases, the

ÆS2æ values for the triplets were always close to two,

implying that the contamination of higher spin-states

is negligible.

It follows from the definition of the DFT-based

descriptors that they have to be evaluated at constant
external potential. Therefore single point calculations

were performed in the triplet state on the geometry cor-

responding to the singlet state and vice versa to evaluate

the �vertical� singlet–triplet energy separations [10]. The

energy gaps are calculated as follows:

DEv2 ¼ E singlet
opt:tripletgeom � Etriplet

opt:tripletgeom:; ð6Þ

DEs�t ¼ Etriplet
opt:tripletgeom: � Esinglet

opt:singletgeom:: ð7Þ

Further explanation of the calculated quantities could

be found in [1,2].
3. Results and discussion

In accordance with earlier calculations, [11–13], the
ground state of the investigated molecules, with

the exception of NNH2, NPH2 and NSH, is triplet.

The calculated vertical and adiabatic singlet–triplet en-

ergy gaps, the spin hardness, spin potential and spin-

philicity and spin-donicity values are collected in

Table 1 for the nitrenes and the phosphinidenes. In

general, the energy gaps are comparable to earlier re-

sults obtained using various levels of theory; these gaps
have been discussed in detail [11–13] and thus warrant

no further comments. Figs. 1 and 2 illustrate the rela-

tionship between the vertical singlet–triplet gap and the

spin-donicity index and the maximal spin release,

respectively. The good linear correlation resembles

our earlier findings in the case of the carbene type com-

pounds [2].

The present results tend to confirm our expectations
on the spin-donicity and maximal spin release indices

in showing the very similar behavior of the spin-philic-

ity and spin-donicity: both indices decrease linearly

with the increasing singlet–triplet gap of the molecules.

The maximal spin release and maximal spin acceptance

values show opposite trends. While the maximal spin

acceptance values are positive and increase with the

increasing singlet–triplet energy gaps, the maximal spin
release values are negative and decrease with the same

parameters.

3.1. Similarities of molecular groups

As mentioned above, compounds containing the ele-

ments of the same main group, such as the nitrenes and

phosphinidenes, are supposed to possess similar proper-
ties. Furthermore phosphorus is expected to be close to

carbon as well. Therefore we have looked at the rela-



Table 1

Adiabatic singlet–triplet gap, vertical singlet–triplet gap, spin-related DFT descriptors (spin potential (l�), spin hardness ðg0ssÞ, spin-donicity ðx�
s Þ

and maximal spin acceptance ðDN�
s;maxÞ for the nitrenes and the phosphinidenesa

DEad DEv2 l� g0ss x�
s DN�

s;max

NH (pH) �50.37 (�32.07) 50.37 (32.07) �3.03 (�1.81) �1.99 (�1.14) �2.31 (�1.44) �1.52 (�1.59)

NLi (PLi) �42.12 (�27.54) 42.18 (27.56) �1.90 (�1.48) �1.37 (�0.96) �1.31 (�1.14) �1.38 (�1.54)

NCH3
b (PCH3) (�28.67) 44.32 (30.56) �2.66 (�1.74) �1.75 (�1.09) �2.03 (�1.38) �1.52 (�1.59)

NNH2 (PNH2) 13.39 (�1.35) 4.59 (3.89) �1.65 (�1.09) �1.61 (�1.02) �0.85 (�0.58) �1.02 (�1.07)

NOH (POH) �20.25 (�18.66) 22.61 (19.00) �2.19 (�1.47) �1.75 (�1.07) �1.37 (�1.01) �1.25 (�1.37)

NF (PF) �45.76 (�30.65) 45.87 (30.67) �2.85 (�1.77) �1.90 (�1.12) �2.14 (�1.39) �1.50 (�1.58)

NSiH3
b (PSiH3

b) 44.09 (29.85) �2.59 (�1.70) �1.71 (�1.07) �1.96 (�1.35) �1.51 (�1.58)

NPH2 (PPH2) 8.41 (�1.93) 21.54 (19.29) �1.78 (�1.40) �1.45 (�1.01) �1.09 (�0.96) �1.22 (�1.38)

NSH (PSH) 1.39 (�8.37) 9.10 (11.72) �1.55 (�1.22) �1.45 (�0.99) �0.83 (�0.75) �1.06 (�1.28)

NCl (PCl) �39.51 (�28.62) 39.89 (28.67) �2.41 (�1.66) �1.61 (�1.05) �1.81 (�1.30) �1.49 (�1.57)

a Adiabatic singlet–triplet energy separation and vertical energies in kcal/mol, spin potential values in volts, spin-hardness in volt/spin units, spin-

philicity and spin-donicity values in eV, maximal spin acceptance in spins.
b The compound rearranged to the double-bonded species on the singlet potential energy surface we did not calculate the �adiabatic� singlet–triplet

gap.
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Fig. 1. Spin-donicity index (in eV) vs. the vertical singlet–triplet gap

(in kcal/mol) for nitrenes (m) and phosphinidenes (j).
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Fig. 2. Maximal spin release (DN�
s;max) (in spins) vs. the vertical singlet–

triplet gap (in kcal/mol) for nitrenes (N) and phosphinidenes (j).
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tionships between the spin hardness, spin-philicity/spin-

donicity of nitrenes, phosphinidenes, carbenes, silylenes

and germylenes. All the data of carbenes, silylenes and
germylenes are taken from [2]. that were calculated at

the comparable B3LYP/6-31G(d) level. In order to

examine the similarity of these five molecular functional

groups, we have performed linear regression involving

the spin hardness values calculated for the members of

each investigated molecular group against those of the
other goup, e.g. we have plotted the spin hardness values

of the differently substituted carbenes vs. those of nit-

renes. The calculated correlation coefficients are col-

lected in Table 2.

As for an example, two selected correlation diagrams

are displayed in Fig. 3a and b. From the correlation

coefficients it is obvious, that there is a high degree of

similarity between nitrenes and phosphinidenes, and sil-
ylenes and germylenes. This means that the spin hard-

ness is influenced by the substituents in the same way

for the two functional groups. It is a general trend that

substitution by the second row elements results in lower

spin hardness values. A substituent, which lowers the

singlet–triplet gap tends to reduce the spin hardness

of the molecules as well. Slightly less good correlation

is found between calculated parameters of carbenes
and nitrenes, and between carbenes and phosphinid-

enes. The latter provides a certain support for the sim-

ilarity of carbon to phosphorus for this type of

intermediates. The similarity of nitrenes and carbenes

might seem surprising, but it is in accoradance with

the fact that both nitrenes and carbenes possess triplet

ground states and similar electronic structures. The

chemistry of nitrenes strongly parallels that of carbenes
in virtually all aspects [14]. The ground state of the par-

ent compounds (H2C and HN) is triplet, but the sin-

glet–triplet gap of nitrenes is much larger (estimated

145 kJ mol�1 for NH) than that of carbenes (32–42

kJ mol�1 for H2C). It is partly due to the fact that

the nitrogen is more electronegative than the carbon,

holding its electrons closer to the nucleus. The ground

state of carbenes and nitrenes is influenced by the sub-
stituents in the same way. Their singlet state is stabi-

lized by p-donor subsitutents, the best of those is the

NH2-group, and both NNH2 and HCNH2 possess sin-

glet ground states.

The results for spin-philicity/spin-donicity indices

listed in Table 3 are rather less clear-cut. As expected,
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Fig. 3. (a) Spin hardness of nitrenes plotted against the spin hardness

of phosphinidenes. (b) Spin hardness of nitrenes plotted against the

spin hardness of triplet carbenes.

Table 2

R2 values for the linear regression between the spin hardness values of carbenes, silylenes, germylenes, nitrenes and phospinidenes (values given in

brackets refer to the triplet state of carbenes, silylenes and germylenes)

Carbenes Silylenes Germylenes Nitrenes Phosphinidenes

Carbenes 1 0.785 (0.849) 0.832 (0.870) 0.926 (0.889) 0.862 (0.905)

Silylenes 1 0.963 (0.985) 0.607 (0.775) 0.602 (0.775)

Germylenes 1 0.687 (0.794) 0.648 (0.842)

Nitrenes 1 0.944

Phosphinidenes 1
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the correlation between nitrenes and phosphinidenes,

and between silylenes and germylenes is again estab-
lished, but such correlation is less good between

parameters of other molecular groups. Indeed, it is

straightforward to compare nitrenes to phosphinid-

enes, as most of them have a triplet ground state

and thereby their spin-donicity is proportional to each

other. In the case of silylenes and germylenes, as they

have all a singlet ground state and proportional sin-
Table 3

R2 values for the linear regression between the spin-philicity of carbenes, silyle

(values given in brackets refer to the triplet state i.e. the spin-donicity index

Carbenes Silylenes

Carbenes 1 0.718 (0.92)

Silylenes 1

Germylenes

Nitrenes

Phosphinidenes
glet–triplet gaps, their spin-philicity indices turn out

to be comparable.

A question arises, however, which index could be

considered as the most appropriate for comparison in

the case of carbenes. As seen from Table 3, the spin-phi-

licity and spin-donicity indices of carbenes, silylenes and

germylenes are compared, but still the resulting correla-

tions are rather weak. The correlation between the spin-
philicity indices of carbenes, silylenes and germylenes

with the spin-donicity of nitrenes and phosphinidenes

is somewhat better than that of their spin-donicity,

and the R2 value of the regression decreases in the se-

quence: carbenes > silylenes > germylenes order. Since

the stability of the singlet R1–X–R2 form increases with

the increasing atomic number of the central X atom of

carbenes, silylenes and germylenes, these compounds be-
come more and more different from the triplet ground

state nitrenes and phosphinidenes. Presumably this of-

fers a certain explanation for the unexpected similarity

between nitrenes and carbenes. These two molecular

groups can have both singlet and triplet ground states.

But when going down in the 14th column of the Periodic

Table, the stability of the singlet R1–X–R2 form in-

creases. On the contrary, in the 15th column, the trend
is actually reversed, that is, the triplet state of R-Y be-

comes more stable with the increasing atomic number

of the terminal Y atom. As a consequence, the difference

is wider between the compounds of the two main groups

in going down in the Periodic Table.
4. Conclusions

We have presented a detailed investigation of the

spin-related DFT-based descriptors of nitrenes and
nes, germylenes and spin-donicity values of nitrenes and phospinidenes

of carbenes, silylenes and germylenes)

Germylenes Nitrenes Phosphinidenes

0.852 (0.905) 0.729 (0.332) 0.479 (0.387)

0.981 (0.888) 0.59 (0.066) 0.369 (0.026)

1 0.47 (0.07) 0.278 (0.002)

1 0.946

1
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phosphinidenes. The maximal spin release, the spin

hardness and spin-donicity indices show very good cor-

relations with the vertical singlet–triplet energy gaps.

The spin hardness and spin-donicity indices have been

used as a probe for similarities between five types of

reactive intermediates including nitrenes, phosphinid-
enes, carbenes, silylenes and germylenes. Our obtained

results indicate a large similarity between nitrenes and

phosphinidenes and between silylenes and germylenes,

whereas the spin hardness values of carbenes and nit-

renes/phosphinidenes show less good linear correlations.

The spin-philicity and spin-donicity indices point out a

similarity between nitrenes and phosphinidenes, and be-

tween silylenes and germylenes.
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Hard-Soft Acid-Base Interactions of Silylenes and Germylenes
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A detailed investigation of the electrophilic and nucleophilic character of singlet silylenes and germylenes,
divalent compounds of silicon and germanium, respectively, substituted by first- and second-row elements is
presented. In a first part, the Lewis acid properties of these compounds were studied through their complexation
reaction with the Lewis bases NH3, PH3, and AsH3. The results indicate that this complexation is most favorable
with the hardest base NH3, classifying these compounds as hard Lewis acids. This is confirmed by the linear
correlation between the interaction energies and the value of the electrostatic potential, used as an approximation
to the local hardness, near the empty p orbital of these compounds, indicating a charge-controlled interaction
in the complex. Also the electrophilicity index, proposed by Parr et al., computed both at the global and the
local level, correlates linearly with the complexation energies of the compounds with NH3. The Lewis base
character of these silylenes has been investigated, through their interaction with the acids BH3 and AlH3.
Also in this case, the electrostatic potential can be used to probe the reactivity of the compounds. It will
finally be demonstrated that an increasing stability of the silylenes and germylenes is accompanied by an
increase in their nucleophilicity and a decrease of the electrophilicity.

1. Introduction

Divalent compounds of the Group 14 elements, such as
carbenes, silylenes, and germylenes, are usually known as short-
lived, reactive intermediates. Their ground state influences their
electronic properties and reactivity; while singlet species react
stereoselectively, following a concerted mechanism, compounds
with a triplet ground state are involved in stepwise radical
reactions. Their most important reactions include the insertion
into O-Si, Si-Si, etc. bonds, addition to carbon-carbon double
and triple bonds, and 1,3-dienes.1 The singlet-triplet gap
separating the lowest lying singlet and triplet states is the subject
of intense interest, e.g., in the case of iodocarbenes,2 several
experimental and theoretical studies contradict each other. The
singlet-triplet gap of these divalent compounds has been shown
to correlate linearly3 with their spin-philicity4 and spin-donicity
index. The singlet-triplet gap of silylenes has been related to
their dimerization energy5 and to their stability; the larger the
singlet-triplet gap, the more stable silylenes are against
dimerization. Therefore, it is not surprising that all stable
silylenes synthesized until today possess asingletground state.
Several experiments demonstrate that silylenes form complexes
with Lewis bases;6 the formation of the silylene-Lewis base
complex is characterized by a strong blue shift of then-π
absorption band.6,7 The base, by donating electrons into the
empty 3p orbital on the silicon, greatly increases the energy of
the S1 excited state. The frequency shift upon complexation
depends on the nature of both the base and silylene. For Me2-
Si, the frequency shifts increase in the order phosphines< CO
< sulfides< ethers< amines, which is in satisfactory agreement
with the stability order of the base-silylene complexes predicted

from theoretical calculations: HCl< H2S < H2O < PH3 <
NH3.8 Although there is much spectroscopic evidence for the
existence of silylene-Lewis base complexes, stable complexes
have been only recently prepared.9

Unlike the transient silylenes, thermally stable silylenes are
not electrophilic. The first stable silylene1a (Scheme 1) was
synthesized by Denk et al. in 1994,10 and later its saturated form
2a was prepared as well.11 Among the several factors,12 which
stabilize these compounds, one of the most important is the
π-electron donation to the 3p orbital of the silicon, which results
in the decrease of the electrophilicity of the silylene. The most
efficient substituents to stabilize the divalent silicon center is
NH2

13 followed by SH14 and OH groups. Disubstitution by these
groups increases the stability of the silylene, but the effect of
the second substituents is smaller than that of the first one.15

This has been attributed to the saturation of the empty 3p orbital
of the silicon with electrons. The knowledge of stabilizing
factors helps in the design of new possible targets for silylene
synthesis; e.g., the systematic analysis of ring stress led to the
design of 4.16 The stable silylenes possess a nucleophilic
character, which is strongly supported by the formation of
complexes such as517 and by the formation of metal-silylene
complexes such as6 (Scheme 2).18 Bharatam et al. investigated

* To whom correspondence should be addressed. E-mail: pgeerlin@
vub.ac.be. Telephone:+32-2-629-33-14. Fax:+32-2-629-33-17.
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SCHEME 1: Cyclic Silylenes Investigated in This Study

1608 J. Phys. Chem. A2005,109,1608-1615

10.1021/jp0468556 CCC: $30.25 © 2005 American Chemical Society
Published on Web 02/05/2005



the electrophilic and nucleophilic character of silylenes by
natural bond orbital analysis (NPA) and charge decomposition
analysis (CDA).19 The examination of the complexes of H2Si
with NH3, CO, and CNH led to the conclusion that the
interaction is mainly composed of the coordination type and,
during the coordination the H2Si plane, remains unperturbed.
They also showed that the nucleophilicity of silylenes can be
triggered by the addition of Lewis bases to the silylene, because
it decreases the electron deficiency of the silicon empty 3p
orbital and increases the energy of the silicon lone pair. This
increased nucleophilicity of silylenes is supported experimen-
tally, because the H3N f :SiH2 complex inserts into the H3C-
Cl bond in an SN2 mechanism rather than in an electrophilic
path.20

Although there has been much work done on the electrophilic
and nucleophilic character of silylenes, it would be useful if
one could quantify electrophilicity and nucleophilicity. On the
basis of the original idea of Maynard et al.,21 Parr et al. have
introduced a formula to calculate the electrophilicity of mol-
ecules22 within the context of the conceptual density functional
theory (DFT)23

whereµ ) (∂E/∂N)V is the electronic chemical potential24 and
η ) (∂2E/∂N2)V is the hardness25 of the molecule, withE being
the energy of the system andN being the number of electrons.
Chattaraj et al. generalized the concept of philicity.26 They claim
that the local philicity is the most powerful concept of reactivity
and selectivity when compared to the global electrophilicity
index, Fukui function, or global/local softness. The local
electrophilicity index27 was already earlier applied by Pe´rez,28

who found good qualitative agreement between the theoretical
and experimental philicity of carbenes. She compared the local
and global electrophilicity of singlet carbenes to the experimental
Moss scale,29 which is based on a kinetic model of the carbene
addition to simple alkenes. Mendez and Garcia-Garibay30

applied the electronegativity equalization principle for the
reaction of 16 carbenes with 4 alkenes and found that the trends
in electron donation between the various carbenes and alkenes
correlate well with the Moss scale. Furthermore, the interaction
energies were the most favorable with parameters, which reflect
mutual electron donation, reflecting the simultaneous acidity
and basicity of carbenes. The disadvantage of the Moss scale
is that it can only be applied to singlet carbenes, and therefore,
Sander et al. have set up a two-dimensional scale for the
electrophilicity of carbenes,31 which can be used for singlet as
well as triplet carbenes. So far, no similar scale has been
proposed for the nucleophilicity and electrophilicity of silylenes.
In our work, we study the Lewis acid and base character of
singlet silylenes, using DFT-based indices such as the Fukui
function, softness, hardness, etc.23 to determine their properties
and analyze their interactions. We try to set up a theoretical
scale to predict the electrophilicity and nucleophilicity of

silylenes, which implies the probing of the electrophilic and
nucleophilic properties of the silicon atom in different regions
in space. To the best of our knowledge, this is the first example
of the use of DFT-based descriptors in such a context. We
investigated the properties of singlet germylenes in a manner
similar to that of silylenes, to be able to discuss the similarities
and differences of these two groups of molecules and to get a
better overall understanding of the divalent compounds of the
Group 14 elements.

2. Theory and Computational Details

Conceptual DFT descriptors have been used to investigate
the Lewis base and Lewis acid character of singlet silylenes
and germylenes. On the basis of Pearson’s hard-soft acid-
base principle,32 which has been shown theoretically to be of
great value, hard acids prefer interacting with hard bases and
soft acids with soft bases. Several works in the literature
demonstrate that in many cases the softness matching principle
works very well for soft-soft interactions.33 The global softness
(S) and the local softness (s) of all reacting partners have been
calculated as

and

whereI andA are the vertical ionization energy and electron
affinity of the system, respectively. In eq 3,f(r ) is the Fukui
function, either for nucleophilic [f +(r )] or electrophilic [f -(r )]
attack

whereFN0(r ), FN0+1(r ), andFN0-1(r ) are the densities of theN0,
N0 + 1, andN0 - 1 electron system, computed at the equilibrium
geometry of theN0 electron system (constant external potential
V). The local electrophilicity index has been calculated as

The definition of the counterpart of the local softness, the
local hardness, is ambiguous,34 and so far, no consensus has
been reached, but the local hardness has, among others, been
shown to be proportional to both the electronic part of the
electrostatic potential and the total potential in each point in
the valence region of the molecule (e.g., at a distance of 4 Bohr
from the atom, very good results have been obtained34). Because
the Si atom may react with Lewis bases through its empty orbital
and with Lewis acids with its lone pair, we determined the
electrostatic potential in two points around the silylene molecule.
When a nucleophile attacks a silylene, it approaches perpen-
dicular to the plane of the silylene from the direction of the
empty p orbital localized on the Si; therefore, the electrostatic
potential has been calculated 2 Å above the Si atom perpen-
dicular to the plane of the silylenes (point A in Scheme 3).
Although the use of the electrostatic potential for a nucleophilic
attack is not straightforward and must be treated with caution,
it can in most cases be assumed that regions with a small

SCHEME 2

ω ) µ2

2η
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S) 1
2η

≈ 1
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) Sf(r ) (3)

f +(r ) ) (∂F
∂N)V

≈ FN0+1(r ) - FN0
(r ) (4)
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≈ FN0
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ω+ ) f +(r )S (6)
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probability for an electrophilic attack have a high probability
for a nucleophilic attack.35 To investigate the Lewis base
character of silylenes, the minimum of the electrostatic potential
has been determined in the lone-pair region of the Si atom. (point
B in Scheme 3).

To get a general idea about the Lewis acid and base characters
of silylenes and germylenes, we calculated all of the silylenes
and germylenes substituted by first- and second-row elements.
The ground state of these molecules is a singlet (with the
exception of the Li, Na, and MgH substituted species); therefore,
we examined them only in their singlet state. Divalent silicon
and germanium compounds can be stabilized byπ-electron-
donating substituents, and the effect of disubstitution by NH2,
OH, F, SH, and Cl groups is expected to decrease the
electrophilicity and increase the nucleophilicity of silylenes.
These disubstituted species are of special interest because
previous works have shown that these substituents are the most
efficient ones in stabilizing the divalent silicon center;13,14these
disubstituted species have been considered in the set as well.
As it was already mentioned, the stable species possess different
electrophilic and nucleophilic properties than the transient
silylenes; therefore, we included1-4 in the set (see Scheme
1). NH3, PH3, and AsH3 were used as Lewis bases, and BH3

and AlH3 were used as Lewis acids.
Because the ground state of most silylenes and germylenes

is a singlet, therefore, all structures treated in this work were

fully optimized in their singlet states at the B3LYP36 level of
theory with the 6-311+G(d,p) basis set37 using Gaussian 03.38

Analytical second-derivative calculations were performed to
ensure that all of the stationary points were real minima on the
potential energy surface. Although several works have shown
that DFT methods, e.g., using the B3LYP exchange-correlation
functional, reliably describe the properties of carbenes, we
nevertheless compared the B3LYP reaction energies of the
complexation of the silylenes with NH3 and PH3 with CBS-
Q39 reaction energies. In the CBS-Q (complete basis set) reaction
energies, no correction for basis set superposition error is
necessary. It turned out that the correlation between the reaction
energies calculated at the CBS-Q and B3LYP levels is excellent
both in the case of NH3 and PH3 (R2 ) 0.99 and 0.98,
respectively); therefore, the further calculations were performed
only at the B3LYP level.

Atomic charges were computed using the natural population
analysis (NPA)40 at the B3LYP/ 6-311+G(d,p) level.

3. Results and Discussion

(a) Electrophilicity of Silylenes and Germylenes.In Table
1, the calculated interaction energies of the different silylenes
with the Lewis bases NH3, PH3, and AsH3 are listed, together
with some selected DFT reactivity indices of these silylenes.
Table 2 contains the same quantities for the germylenes wih
the same Lewis bases. Thorough investigation of the reaction
energies reveals that the silylenes and germylenes react with
the Lewis bases in a similar way; the correlation coefficient of
the fit between the complexation energies of the silylenes and
germylenes with NH3, ∆ESi

NH3 and ∆EGe
NH3, amounts to 0.949.

The correlation coefficient of the fit between the complexation
energies of the silylenes and germylenes with PH3, ∆ESi

PH3 and
∆EGe

PH3, is 0.974. This very good linear correlation between the
reaction energies of the silylenes and germylenes with the same
Lewis base indicates that these are similarly controlled.

The interaction of silylenes (and germylenes) with NH3 and
PH3 is however different. If one plots∆ESi

NH3 against∆ESi
PH3, a

SCHEME 3: Regions in Space A and B, where the
Electrostatic Potential of the Silylenes and Germylenes
was Computed

TABLE 1: Calculated Interaction Energies (in kcal/mol) of Differently Substituted Silylenes with NH3, PH3, and AsH3
a

molecule ∆ESi
NH3 ∆ESi

PH3 ∆ESi
PH3,fixed ∆ESi

AsH3 fSi
+ S sSi

+ ω ωSi
+ VA -VA,el/2N

HSiH -26.75 (-24.07) -21.86 (-22.4) -20.34 -18.14 1.032b 3.27 3.37 0.12 0.13 0.069 0.253
HSiBeH -25.36 (-23.79) -26.44 (-29.2) -24.70 -22.30 0.926 4.01 3.72 0.14 0.13 0.069 0.234
HSiCH3 -21.89 (-20.91) -15.25 (-16.66) -12.42 -11.71 0.912 3.40 3.10 0.10 0.09 0.060 0.230
HSiNH2 -9.55 (-9.00) -2.22 (-2.88) c -1.29 0.857 3.01 2.58 0.08 0.07 0.033 0.234
HSiOH -16.70 (-15.05) -6.301 (c) -5.20 -4.30 0.915 3.10 2.83 0.09 0.09 0.052 0.236
HSiF -22.52 (-19.67) -11.37 (-10.56) -9.54 -8.73 0.954 3.03 2.89 0.12 0.11 0.069 0.237
HSiMgH -23.19 (-21.96) -25.33 (-29.10) -23.94 -21.43 0.856 4.56 3.90 0.13 0.11 0.067 0.209
HSiAlH2 -26.57 (-26.12) -24.67 (-29.07) -22.12 -20.46 0.869 4.02 3.49 0.13 0.11 0.067 0.209
HSiSiH3

d -26.99 (-26.56) -22.77 (-26.70) -20.36 -18.81 0.863 3.76 3.25 0.14 0.12 0.071 0.207
HSiPH2 -21.44 (-21.04) -13.46 (-17.21) -8.74 -9.98 0.773 3.48 2.69 0.11 0.09 0.052 0.214
HSiSH -20.05 (-18.99) -10.28 (-12.62) -6.33 -7.65 0.787 3.16 2.49 0.11 0.09 0.051 0.215
HSiCl -23.95 (-22.31) -13.21 (-14.47) -10.91 -10.03 0.858 3.25 2.79 0.13 0.11 0.068 0.217
Si(NH2)2 -0.56 (-1.67) c c c 0.807 2.75 2.22 0.06 0.05 0.013 0.224
Si(OH)2 -7.94 (-7.05) d (-1.52) c c 0.867 2.66 2.31 0.08 0.07 0.039 0.227
Si(SH)2 -11.96 (-12.34) d (-3.37) -0.74 c 0.655 3.20 2.10 0.10 0.07 0.043 0.202
SiF2 -17.45 (-14.25) -3.85 (-3.21) -3.18 -2.62 0.918 2.48 2.28 0.12 0.11 0.068 0.229
SiCl2 -20.48 (-19.97) -5.93 (-8.25) -3.83 -3.72 0.751 3.03 2.27 0.13 0.10 0.068 0.205
H2NSiOH -4.35 (-4.17) c c c 0.830 2.76 2.29 0.07 0.06 0.025 0.225
H2NSiSH -6.04 (-6.57) -0.15 (c) c c 0.703 2.95 2.07 0.08 0.05 0.030 0.211
HOSiSH -10.67 (-10.45) c -0.76 c 0.752 2.94 2.21 0.09 0.07 0.043 0.212
1b c c c c 0.747 3.17 2.37 0.05 0.04 0.004 0.203
2b c c c c 0.792 3.00 2.38 0.06 0.05 0.013 0.195
3 -2.29 c c c 0.649 3.17 2.06 0.07 0.05 0.019 0.191
4 -1.98 c c c 0.523 3.22 1.68 0.07 0.04 0.013 0.201

a Fukui function on silicon for nucleophilic attack (fSi
+, in au), global (S, in au), and local (sSi

+, in au) softness, electrophilicity (ω, in au), local
electrophilicity on silicon (ωSi

+, in au), global electrostatic potential (VA, in au), and its electronic part (VA,el, in au) calculated in point A (Scheme
3) at the B3LYP/6-311+G(d,p) level (interaction energies at the CBS-Q level are in parentheses).b fSi

+ is larger than one, andfH
+ is negative (fH

+ )
-0.016 au).c No stable complex has been found.d No stable complex has been found at the B3LYP level.
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correlation coefficient of 0.72 is obtained, while for the
germylenes, the plot of∆EGe

NH3 against∆EGe
PH3 results in aR2

value of 0.66. This suggests that the interaction of the harder
Lewis base NH3 with the silylenes is unrelated to the interaction
of the softer Lewis base PH3 with the same compounds.
However, the difference between the interaction of PH3 and
AsH3 is negligible, with the correlation coefficient between the
reaction energies of PH3 and AsH3 with the silylenes amounting
to 0.99. From the data, it is evident that silylenes and germylenes
react very similarly, and therefore, one can assume that
germylenes would show the same reactivity toward AsH3 as
toward PH3. This different behavior of NH3 in comparison with
PH3 (and AsH3) combined with the similar properties of PH3

and AsH3 is in accordance with a typical observation in the
elements of the p block, often exhibiting quite different behavior
of the first-row elements as compared with their heavier
congeners that are more similar. The difference in our particular
case is most probably due to the well-known fact that the donor
atom in NH3 is sp3-hybridized and thus contains the lone pair
in a sp3 orbital, whereas the donor atoms in PH3 and AsH3

possess an s-type lone pair. Further analysis of the reaction
energies shows that the interaction is the most favorable with
NH3 in nearly all cases and becomes less favorable (i.e., less
negative reaction energies) when the Lewis bases become softer.

The computed trends in the complexation energies will now
be investigated using the reactivity indices emerging from DFT.
In the first step, we will investigate the application of the local
hard and soft acids and bases principle. When the reaction is
orbital-controlled, the smallest differences in local softness
between the donor and acceptor atoms should be observed
(“softness-matching”). However, it turns out that this procedure
is unsuccessful in explaining the trends of the complexation
energies. Moreover, the correlation does not improve when the
interaction of the softest acid and the softest base is considered.
Finally, it was found that the approximation of the interaction
energy between species A and B in an orbital-controlled
reaction,

put forward by Gazquez et al.41 and elaborated and successfully
applied in softness dominated reactions by some of the present
authors,42 does not yield any correlation between the estimated
reaction energy and the calculated reaction energy using the
global or the local softness of the reacting partners. Although
Chandrakumar and Pal43 have shown the usefulness of the above
equation for a small set of substituted NH3 and BH3 derivatives
both in hard-hard and soft-soft interactions, their method did
not yield a good correlation for our compounds. They defined
the λ value as the difference of electron densities of the
interacting system A (or alternately B) before and after the
interaction

In our case,λ turned out to be around 0.9 in every case, and
substituting half of it into eq 7 (see ref 43) did not improve our
results. The failure of eq 7 probably follows from the fact that
in the silylenes there is a lone pair and an empty orbital localized
on the silicon (germanium) in the silylenes (germylenes).
Therefore, the reactivity of these species should be investigated
at the local level, avoiding the condensation of properties to
atoms. This statement is supported by the fact that during the
H2Si + NH3 reaction, the H2Si moiety of the reacting molecules
remains unperturbed, indicating that local effects dominate the
observed reactivity trends.19

All of these findings suggest that these Lewis acid-base
complexation reactions are mainly charge-controlled. As it was
mentioned earlier, the local hardness of the molecule in the
valence region will be approximated by the (total) electrostatic
potential. This quantity is computed at a distance of 2 Å from
the Si or Ge atom, respectively, perpendicular to the plane
formed by this atom and the first atoms of the two substituents
(the numerical value of the electrostatic potential at this point
is denoted asVA). Figure 1a shows the correlation of the
electrostatic potential with the interaction energy of the silylenes
with NH3; in Figure 1b, the same plot is shown for the
germylenes interacting with NH3. As can be seen, in both cases,
the electrostatic potential in the region of the empty p orbital

TABLE 2: Calculated Interaction Energies (in kcal/mol) of Substituted Germylenes with NH3 and PH3
a

molecule ∆EGe
NH3 ∆EGe

PH3 fGe
+ S sGe

+ ω ωGe
+ VA

HGeH -22.78 -18.70 1.293b 3.238 4.185 0.250 0.323 0.071
HGeBeH -21.26 -22.26 0.923 3.997 3.688 0.271 0.250 0.070
HGeCH3 -18.83 -13.30 0.919 3.391 3.119 0.212 0.195 0.063
HGeNH2 -9.31 c 0.866 2.989 2.590 0.170 0.147 0.038
HGeOH -16.16 c 0.915 3.077 2.817 0.205 0.188 0.058
HGeF -21.65 -11.57 0.953 3.004 2.862 0.250 0.238 0.080
HGeMgH -19.81 -21.55 0.859 4.561 3.920 0.255 0.219 0.069
HGeAlH2 -22.69 -20.57 0.879 4.010 3.524 0.259 0.227 0.069
HGeSiH3

d

HGePH2 -17.92 -12.18 0.797 3.565 2.843 0.231 0.185 0.052
HGeSH -15.43 -7.79 0.795 3.134 2.492 0.230 0.183 0.054
HGeCl -21.51 -12.58 0.864 3.234 2.794 0.262 0.227 0.072
Ge(NH2)2 -3.23 c 0.827 2.813 2.326 0.133 0.110 0.020
Ge(OH)2 -10.58 -1.63 0.861 2.653 2.285 0.192 0.165 0.050
Ge(SH)2 -10.92 -1.96 0.653 3.184 2.079 0.217 0.142 0.047
GeF2 -19.99 -6.82 0.914 2.446 2.236 0.274 0.250 0.076
GeCl2 -19.64 -7.76 0.750 2.992 2.246 0.287 0.215 -0.004
H2NGeOH -6.69 c 0.829 2.737 2.272 0.160 0.133 0.033
H2NGeSH -6.99 -0.63 0.714 2.943 2.101 0.170 0.121 0.035
HOGeSH -11.60 c 0.754 2.917 2.202 0.204 0.154 0.050

a Fukui function on germanium for nucleophilic attack (fGe
+ , in au), global (S, in au), and local (sGe

+ , in au) softness, electrophilicity (ω, in au),
local electrophilicity (ωGe

+ , in au) on germanium, and global electrostatic potential (VA, in au) calculated in point A (Scheme 3) at the B3LYP/6-
311+G(d,p) level.b fGe

+ is larger than one, andfH
+ is negative (fH

+ ) -0.1465 au).c No stable complex has been found.d The germylene is not stable
at the B3LYP level.
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of the divalent species correlates linearly with their interaction
energy with the hard base NH3. The quality of this correlation
diminishes progressively as one goes from NH3 to the softer
bases PH3 and AsH3. Quite surprisingly, the electrostatic
potential values of the halogen and dihalogen substituted species
(HSiF, SiF2, HSiCl, and SiCl2) are almost equal, whereas the
interaction energies of these molecules somewhat differ. For
these compounds, the stabilization energy trend HSiCl> HSiF
> SiCl2 > SiF2 probably results from the interplay of two
opposite effects, which are hard to quantify; although the overlap
of the empty 3p on Si and the fluorine 2p is somewhat less
effective than the Si 3p Cl 3p overlap, the Si-F distance is
shorter than the Si-Cl bond distance. The same trend is
observed for the complexation energies of the silylenes with
PH3 and AsH3. If these molecules are excluded from the set,
R2 improves to 0.90 for the correlation between the electrostatic
potential and∆ESi

PH3 and to 0.72 for the correlation between the
electrostatic potential and∆ESi

AsH3. As can be seen, the correla-
tion between the local hardness descriptor for the silylenes and
germylenes and the interaction energies decreases when the
hardness of the Lewis base decreases. It can thus be invoked
that this reaction is essentially a charge-controlled interaction.

The energetics of this complexation reaction between these
Lewis acids and bases can however be separated into two main
parts: a perturbation of the species in their number of electrons,
corresponding to an electronic reorganization, and a perturbation
in their external potential because of the geometry relaxation.
During the silylene+ NH3 reaction, the energy gain is mainly
due to the overlap of the silicon empty orbital and the NH3

lone pair because the change of the geometrical parameters of
the interacting species is negligible. For the reactions of PH3

and AsH3, however, the geometry of the base changes consider-
ably; during the coordination, the P and As atoms become much
more like sp3 hybrids. This is reflected by the changes of the
pyramidalization degree of the P and As atoms; for P, it
decreases from 52.1° to 47.9° and for As from 53.1° to 48.6°
during coordination. To estimate the effect of this geometry

relaxation on the complexation energies, we computed the
reaction energies by fixing the geometry of the silylenes and
PH3. In the case of As, similar results are to be expected. After
fixing the geometry of the reagents, we optimized the distance
between the interacting atoms in the acid and base. The
calculated interaction energies are tabulated in Table 1. In all
cases, the interaction energies are only 2-3 kcal/mol less
favorable than upon geometry relaxation. This uniform trend
proves that effects of geometry relaxation are not responsible
for the decrease of the correlation between the local hardness
descriptor and complexation energies in the case of the silylene
+ PH3 and AsH3 complexation reactions.

In the literature, the electronic part of the electrostatic
potential, divided by twice the number of electrons of the system
(-1/2N)Vel(r ) has been used as another approximation of the
local hardness.44 The calculated values for the silylenes are
collected in Table 1. The correlation of these values with the
interaction energies is poor, suggesting that, in this case, the
total electrostatic potential is a more suited approximation for
the local hardness. As indicated earlier in this work, it was
demonstrated that germylenes are very similar to silylenes, the
(-1/2N)Vel(r ) approximation of the local hardness was not used
in their case.

In these complexation reactions, the silylenes and germylenes,
readily interacting with Lewis bases, can be considered to be
electrophilic. We therefore computed the electrophilicity index
ω (eq 1) for these compounds22 and correlated these values with
the interaction energies with the different bases. As can be seen
from Figure 2, a very good correlation emerges betweenω for
the silylenes and germylenes and their interaction energies with
the hardest base NH3. Also, the local electrophilicity, introduced
by Domingo et al.,27 computed on the acceptor atom of the
Lewis acid (i.e., on Si or Ge), turns out to be a good indicator
of the reactivity of the silylenes or germylenes with hard Lewis
bases, as shown in Figure 2. In the case of the reactions with
PH3 and AsH3, a poorer correlation between the electrophilicity
index and the interaction energies is observed, which can, as
was already discussed in this contribution, probably be attributed
to the important geometry relaxation when the Lewis acid-
base complexes are formed.

Figure 1. Electrostatic potential calculated at point A (VA) versus the
reaction energy∆E (in kcal/mol) of the silylenes (2a) and germylenes
(2b) with NH3 (SiF2 and SiCl2 are excluded from the fit).

Figure 2. Global (ω) and local (ωSi andωGe) electrophilicity of the
silylenes (2a) and germylenes (2b) versus the reaction energies (∆E,
in kcal/mol) of their complexation reaction with NH3.
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Finally, as shown in Figure 3, a good agreement is observed
between the local electrophilicity index and the electrostatic
potential, indicating that they are related in the case of silylenes.
If the electrostatic potential is larger (i.e., more positive) in the
silicon empty orbital, it suggests that it is less filled with
electrons. It is known about silylenes that they can be stabilized
by electron flow to the 3p orbital of the silicon. Silylenes
(similarly to carbenes45) are electron-deficient intermediates,
with the central silicon atom having only six electrons in its
outer shell. Therefore, they are highly electrophilic in their
reactions, and the more electron withdrawing the substituents,
the more strongly electrophilic the silylene. If the 3p orbital is
less filled with electrons (larger, i.e., more positive electrostatic
potential), it will be much more electrophilic than those species
in which the 3p orbital is filled to a larger extent (obviously,
these species are more stable as well). In those silylenes that
are highly stable, the 3p orbital of the silicon is filled with
electrons, which is reflected by a small positive or slightly
negative electrostatic potential and small electrophilicity. In turn,
in those silylenes in which there are noπ-electron-donating
groups, the 3p orbital will not be filled with electrons; they will
be unstable, have a large positive electrostatic potential, and
large electrophilicity.

(b) Nucleophilicity of Silylenes. The nucleophilic character
of silylenes was examined, studying their complexes with two
representative Lewis acids BH3 and AlH3. Because the elec-
trophilic character of the germylenes turned out to be largely
parallel the behavior of the silylenes, only the latter was
considered in this part. As it was mentioned in the Introduction,
the nucleophilicity of silylenes can be triggered by the addition
of Lewis bases; therefore, we examined the reactions of the (H2-
Si + NH3) and (H2Si + 2NH3) complexes with BH3 and AlH3.

As Table 3 demonstrates, most of the silylenes do not form
stable complexes with BH3 and AlH3. In the case of the reaction
with BH3, the formal silylene-BH3 complex is a saddle point
on the PES and the IRC calculations lead to a stable product in
which one of the H is in a bridging position between the Si and
B atoms. Scheme 4 depicts a possible explanation of the
reaction. It is well-known that boron hydrides (e.g., B2H6) as
well as silicon hydrides (e.g., Si2H2

46 and Si2H4
47) prefer forming

bridged compounds, which contain three-centered two-electron
bonds. The silylene+ BH3 reaction allows the formation of
similar compounds; the silicon lone pair overlaps with the empty
orbital of the boron, and as a result, the electronic population
of boron increases. The electrons flow toward the hydrogens,
which in turn prefer to interact with the empty orbital localized
on the silicon. If R1 and/or R2 substituents donate electrons to
this empty orbital (e.g.,1-4 or the disubstituted silylenes), the

interaction with the hydrogen becomes unfavorable; thus, no
bridged species but a classical Lewis base-Lewis acid complex
will be formed. These silylenes have been previously shown to
be more stable by isodesmic reactions than the monosubstituted
silylenes;5 therefore, this result confirms the presumptions that
only the stable silylenes are nucleophilic. From these results, it
can be concluded that the lone pair of the silylene will only
show nucleophilic character if the 3p orbital of the silicon is
filled with electrons. The strength of the interaction between
BH3 and the nucleophilic silylenes is well-predicted by the
minimum of the electrostatic potential (Vmin) calculated in the
lone pair (Figure 4). Both the interaction energies and the Gibbs
free energies correlate linearly withVmin (R2 ) 0.97 for∆GSi

BH3

Vmin, andR2 ) 0.99 for ∆ESi
BH3 Vmin, ∆GSi

AlH3 Vmin, and∆ESi
AlH3

Vmin fits). The ∆G values are larger by 11-13 kcal/mol than
the∆E values, which is in accordance with the decrease of the
entropy of the system during complexation compared to the free
molecules. The interaction energy of the disubstituted species
depends much less on the electrostatic potential. Previously, it
was shown by isodesmic reaction energies that the effect of the
second NH2, SH group is much smaller on the stability of the
silylenes,15 and it was explained by the saturation of the silicon
empty orbital with electrons. This implies that the “electrophi-
licity of the empty orbital” influences the nucleophilicity of the
silylene. This relationship between the nucleophilicity and
electrophilicity is clearly demonstrated in Figure 5, showing
thatVA linearly correlates withVmin in the case of the ambiphilic
(disubstituted) silylenes.

Figure 3. Electrostatic potential calculated in point A (VA) against
the local electrophilicity on the silicon atom (ωSi) in the silylenes.

TABLE 3: Calculated Interaction Energies (in kcal/mol) of
the Differently Substituted Silylenes with BH3 and AlH3 and
the Minimum in the Electrostatic Potential (Vmin, in au) in
the Lone-Pair Region of the Silylenesa

substituent ∆ESi
BH3 ∆ESi

AlH3 Vmin

HSiH b b -0.033
HSiBeH b b -0.039
HSiCH3 b b -0.042
HSiNH2 b -17.62 -0.043
HSiOH b b -0.029
HSiF b b -0.016
HSiMgH b b -0.040
HSiAlH2 b b -0.030
HSiSiH3

c b b -0.028
HSiPH2 b b -0.028
HSiSH b b -0.027
HSiCl b b -0.014
Si(NH2)2 -30.33 -17.73 -0.047
Si(OH)2 -24.26 -12.20 -0.020
Si(SH)2 -24.13 -12.07 -0.010
H2NSiOH -25.43 -12.93 -0.033
H2NSiSH -26.57 -14.30 -0.025
HOSiSH -24.75 -11.69 -0.015
1b -23.86 -14.14 -0.037
2b -27.95 -16.21 -0.043
3 -21.77 -12.09 -0.024
4 b -18.96 -0.048
HSiH + NH3 -40.77 -30.03 -0.081
HSiH + 2NH3 -46.24 -36.31 -0.098

a All values have been obtained at the B3LYP/6-311+G(d,p) level.
b No stable complex has been found.c No stable complex has been
found at the B3LYP level.

SCHEME 4: Interaction of BH 3 with Unstable Silylenes
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The reaction of silylenes with the softer acid AlH3 shows
similar trends as in the case of BH3 (Figure 4b). However, the
compounds, which preferred to form bridged species with BH3,
rearrange during the optimization to the classical tetravalent
silicon compound, in which the aluminum is trivalent. This also
means that these compounds do not act as Lewis bases against
AlH3 and do not show nucleophilic character. Those compounds,
which formed a Lewis base-Lewis acid complex with BH3,
form a complex with AlH3 as well, and the interaction energy
is generally 11 kcal/mol lower.

4. Conclusions

A systematic study of the electrophilic and nucleophilic
character of silylenes and germylenes was presented. Our results
show that the interaction of these compounds with Lewis bases
are essentially charge-controlled. As the Lewis base becomes
softer, the interaction becomes less favorable, which is reflected

by the decrease of the interaction energies in the NH3 > PH3

> AsH3 series. The electrostatic potential computed in the region
of the empty 3p (Si) or 4p (Ge) orbital and used as a measure
of the local hardness is linearly correlated with these complex-
ation energies, with the correlation coefficient decreasing when
the softness of the base is increasing.

However, a small group of disubstituted silylenes behave both
as Lewis acids and Lewis bases, indicating their ambiphilic
character. The substituents of the divalent silicon determine
whether the silylene will possess a Lewis acid or base character.
If the substituents do not donate electrons to the silicon empty
3p orbital, the silylenes are electrophilic, but electron-donating
substituents decrease their electrophilicity and increase their
nucleophilicity. Both reactions are thus essentially influenced
by the silicon empty orbital.

As a result, the nucleophilicity of silylenes and germylenes
is strongly related to their stability;π-electron-donating sub-
stituents yield higher stabilization and increase their nucleo-
philicity and decrease their electrophilicity at the same time.

This study demonstrates the very similar behavior of silylenes
and germylenes, which are different from the other members
of the divalent compounds of Group 14 elements. They are
highly unstable like carbenes, but because their ground state is
different, they display a different reactivity pattern. On the other
hand, they differ markedly from the stable divalent tin com-
pounds.
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6262.

(17) Metzler, N.; Denk, M.Chem. Commun. 1996, 2657.
(18) Jutzi, P.; Mohrke, A.Angew. Chem., Int. Ed. Engl.1990, 29, 893.
(19) Bharatam, P. V.; Moudgil, R.; Kaur, D.Organometallics2002, 21,

3683.
(20) Belzner, J. InOrganosilicon Chemistry from Molecules to Materials;

Auner N., Weis J., Eds., Wiley-VCH: Weinheim, Germany, 1998; p 251.
(21) Maynard, A. T.; Huang, M.; Rice, W. G.; Covell, D. G.Proc. Natl.

Acad. Sci. U.S.A.1998, 95, 11578.
(22) Parr, R. G.; von Szentpa´ly, L.; Liu, S. J. Am. Chem. Soc.1999,

121, 1922.
(23) (a) Parr, R. G.; Yang, W.Density Functional Theory of Atoms and

Molecules, Oxford University Press: New York, 1989. (b) Parr, R. G.; Yang,
W. Annu. ReV. Phys. Chem.1995, 46, 701. (c) Chermette, H.J. Comput.
Chem.1999, 20, 129. (d) Geerlings, P.; De Proft, F.; Langenaeker, W.AdV.
Quantum Chem.1999, 33, 303. (e) Geerlings, P.; De Proft, F.; Langenaeker,
W. Chem. ReV. 2003, 103, 1793.

(24) Parr, R. G.; Donnelly, R. A.; Levy, M.; Palke, W. E.J. Chem.
Phys.1978, 68, 3801.

(25) Parr, R. G.; Pearson, R. G.J. Am. Chem. Soc., 1983, 105, 7512.
(26) Chattaraj, P. K.; Buddhadev, M.; Sarkar, U.J. Phys. Chem. A2003,

107, 4973.
(27) Domingo, L. R.; Aurell M. J.; Pe´rez, P.; Contreras, R.J. Phys.

Chem. A2002, 106, 6871.
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Abstract 

 

The relationship between the adiabatic singlet-triplet gap, electrophilicity, nucleophilicity, 

spin-philicity and spin-donicity indices is investigated for a large number of carbenes, 

silylenes, germylenes, nitrenes and phophinidenes. In accordance with the experimental 

findings it is shown that with increasing stability of the singlet state of the molecule the 

electrophilicty decreases in the case of silylenes and germylenes. The electrophilicity 

index of nitrenes and phosphinidenes shows no direct correlation to their adiabatic-singlet 

triplet gap. However, a good correlation is found between the adiabatic singlet-triplet gap 

and the spin-philicity and spin-donicity indices, and this correlation is universal for all 

investigated molecules independent of their ground state spin multiplicity. The correlation 

between spin-philicity and electrophilicity indices for silylenes and germylenes is 

explained in terms of the stability and the electron distribution of the molecule.   
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1. Introduction  

 

In our recent work, we have applied various conceptual DFT1 descriptors in study 

of a large set of divalent compounds of Group 14 elements2-3  (carbenes, silylenes, 

germylenes and stannylenes) and monovalent compounds of Group 15 elements4 (nitrenes 

and phosphinidenes). The investigated descriptors include both global and local reactivity 

indices, such as softness, hardness5, electrophilicity6 and various spin-related indices such 

as the spin-hardness, spin potentials, spin-philicity and spin-donicity2,4,7, 8, 9 within the 

context of spin-polarized DFT10. This research is part of our ongoing program in the 

application of conceptual DFT in the study of chemical reactivity in which recently spin 

dependent properties and the variation of the properties of Group 14 elements through the 

periodic table were given particular attention.11,12,13  The properties of divalent 

compounds of Group 14 elements show a remarkable sensitivity on their substituents. The 

substituents have indeed a strong effect on the singlet-triplet energy separation, even on 

the spin state of the ground state, which results in changes in geometry and reactivity. The 

bond angle around the central atom in singlet divalent compounds of group 14 elements is 

between 90° and 100°, while triplet species are characterized by a bond angle of 120°-

130°14. The reactivity of singlet and triplet species is essentially different: singlet species 

react stereoselectively, following a concerted mechanism, compounds with a triplet 

ground state are involved in step-wise radical reactions15. Their most important reactions 

include the insertion into O-Si, Si-Si etc. bonds, addition to carbon-carbon double and 
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triple bonds, 1,3-dienes16. The influence of the central atom on the nature of the ground 

state is also remarkable, most carbenes possess a triplet ground state, but the stability of 

the singlet state increases with increasing atomic number of the central atom. In the case 

of carbenes, coulomb repulsion between the electrons constrained to the carbon centered 

HOMO is large, and although some energy must be surmounted to separate the electrons 

to different molecular orbitals, this energy is largely compensated by the accompanying 

decrease of electron-electron repulsion. Relief of „exchange repulsion” further stabilizes 

the triplet configuration.  In the case of the heavier hypovalent species the energy 

difference between the similar orbitals is larger and less energy is gained upon relief of 

the electron-electron repulsion energy, thus they favor the closed shell, singlet state14a,17. 

The chemistry of nitrenes15 parallels that of carbenes and silylenes, which is 

explained by the similar electronic structure of these compounds. In every molecule the 

reactive center has a sextet surrounding, resulting in a strong electrophilic character. In 

the case of nitrenes and phosphinidenes the central atom possesses four non-bonded 

electrons and as a consequence has a singlet or triplet ground state. The effect of the 

substituents is very similar to those in the case of group 14 elements: π-electron donating 

substituents stabilize the singlet state and decrease the electron deficiency of the central 

atom, thus its electrophilicity.   

This variation of properties with respect to substituents made these groups of 

molecules an excellent set to study the performance of DFT descriptors, with, in view of 

their different possible spin states, a particular attention to spin related indices. The first 
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extended study on their spin-philicity and spin-donicity indices was recently presented3, 

analyzing their behavior with respect to the nature of the ground state (spin and stability) 

and vertical singlet-triplet energy gaps. We showed that the spin-philicity and spin-

donicity indices linearly correlate with the vertical singlet-triplet energy gap and that with 

increasing vertical energies one gets smaller (i.e. more negative) indices. This has been 

explained in terms of the stability of the ground state. As the spin-philicity and spin-

donicity values are used to describe an energetically unfavorable process and are related 

to the energy change when the molecule takes up or releases spins to/from the sea of 

spins, the larger the energy difference between the singlet and triplet states the more 

negative the spin-philicity and spin-donicity is.  

However, the question arises, whether there is any correlation and if so, why, 

between the spin related and non-spin related indices. Spin-philicity and spin-donicity 

indices are essentially related to changes in spin state of the molecule, while the 

electrophilicity and nucleophilicity are connected to the flow of electrons. It is worth 

investigating if there is any connection between the spin-philic/spin-donic and 

electrophilic/nucleophilic character of the molecules. In this paper we try to answer this 

question by comparing all the available values for the large set of data available for the 

compounds of groups 14 elements (carbenes, silylenes, germylenes) to which the more 

recent data on nitrenes and phosphinidenes are added together with the earliest spin-

philicity and spin-donicity values presented by Perez.9 



 A-52

2. Computational details 

Using the original idea by Maynard et al18,  Parr et al introduced the electrophilicity 

index6 within the context of conceptual density functional theory1,   

 
η

µω
2

2
= ,                                                                                  (1) 

where µ = ∂E ∂N( )v is the electronic chemical potential19 and η = ∂ 2E ∂N 2( )v
is the 

hardness5 of the molecule with E the energy of the system and N the number of electrons. 

The electrophilicity index expresses the energy decrease of a ligand submerged into a 

zero chemical potential sea of electrons at maximal electron flow.9 The spin-donicity and 

spin-philicity indices are calculated similarly from the spin potentials based on similar 

arguments as the electrophilicity index and they express the energy when a ligand is 

submerged into a zero-spin potential sea of ”spins” at maximal spin flow. If the ligand 

receives spins from the sea, the negative of the energy change is defined as the spin-

philicity index ( +
sω ). On the contrary, if the ligand donates spins to the sea, the negative 

of the energy change is thus defined as the spin-donicity index ( −
sω ). These indices are 

expressed as follows:  
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where ±
sµ  is the spin-potential in the direction of increasing ( +

sµ ) or decreasing ( −
sµ ) 

multiplicity) and ηss
0   the spin hardness.  

 Within the finite difference approximation, the spin potentials can be computed using 

the following working expressions: 
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Thus, both expressions (3) and (4) contain the one electron energies of the HOMO (εH) 

and LUMO(εL) orbitals for the system in lower ( M ) and upper ( ′ M ) spin-multiplicities, 

respectively. 

The spin-hardness (ηss
0 ) is related to the second partial derivative of the energy with 

respect to the spin-coordinates and can be calculated from the spin-potentials: 

ηss
0 =

∂ 2E
∂N s
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v,N
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µ s

− − µ s
+

2
      (5) 

All the descriptors were calculated in the ground state of the molecules. The 

calculations were performed within the context of DFT using the B3LYP hybrid 

functional with the 6-31G(d) and 6-311+G(d,p) basis sets. In the case of the molecules 

reported by Pérez et al. the spin-philicity and spin-donicity values calculated at the 
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UB3LYP/6-31G(d) level are used in this paper and their adiabatic singlet-triplet 

separation was also calculated at the same level.  
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3. Results and discussion 

The electrophilic and nucleophilic character of the molecules is of special 

importance to organic chemists and the non-empirical evaluation of these properties could 

be very helpful in setting up/rationalizing existing empirical scales. Whereas the 

electrophilic character of molecules is readily estimated in such a scale, it is much more 

difficult to estimate the nucleophilic character (See for example 20). In our previous work2 

we used the minimum of the electrostatic potential in the lone pair region of the silylene 

as a measure of its nucleophilicity. However, due to the complex nature of these Lewis 

acid-base complexes, it became evident that this parameter alone is not enough to 

estimate the nucleophilicity of the molecule.  

The spin-philicity and spin-donicity values for ground states are used to describe 

an energetically unfavorable process and are related to the energy change when the 

molecule takes up or releases spins to/from the sea of spins (change in spin polarization). 

Therefore, it is expected that with increasing stability of the singlet or triplet ground state 

the more negative the spin-philicity and spin-donicity respectively will be. The least 

negative numbers are expected when the singlet-triplet gap of the molecule is very small.  

Figure 1. depicts electrophilicity values for silylenes, germylenes, nitrenes and 

phosphinidenes. The electrophilicity is calculated in the ground state of the molecule, so 

for silylenes, germylenes in the singlet state and for most nitrenes and phosphinidenes in 

the triplet state. A clear decreasing tendency of the electrophilicity of singlet molecules is 

observed with the increasing singlet-triplet gap, but for the triplet molecules the tendency 



 A-56

is much less clear cut. The decrease of electrophilicity for singlet molecules is in 

accordance with the experimental results, which show that with increasing stability of the 

singlet state of these molecules, their electrophilic character weakens 21.  

The nucleophilicity, either investigated as the electrostatic potential value in the 

lone pair of the silylene (cf. references 3 and 20) or as the interaction energy with BH3, 

did not show any correlation with the adiabatic singlet-triplet energy gap for silylenes 

(Fig. 2). However, in the sense that molecules with low singlet state stability (small ∆Ead) 

did not form Lewis acid-base complexes with BH3, and the more stable ones did 

(resulting in a “step function”-like curve, as shown in Figure 2), this result joins the 

experimental findings, that only the stable silylenes show nucleophilic character.  As can 

be seen in Figure 2, there are three outliers in this “step function” corresponding to the 

halogenated species SiF2 and SiCl2 and the ring compound Si

NH

. 

 In Figure 3, the spin-philicity for singlet ground state molecules and spin-

donicity for triplet molecules are shown as a function of the adiabatic singlet-triplet gap. 

It is important to note the difference from the previously published curves3. Earlier the 

spin-philicity and spin-donicity indices were plotted vs. the vertical singlet-triplet energy 

gap, now we examine their values as a function of the adiabatic singlet-triplet gap. The 

spin-donicity index becomes less negative with decreasing stability of the triplet state, i.e. 

it has the tendency to donate spins. On the contrary, the spin-philicity index decreases 

with increasing stability of the singlet state. All the spin-philicity values available up to 
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date correlate linearly with the adiabatic singlet-triplet gap independent of their ground 

state. This emphasizes that the spin-philicity and spin-donicity values depend primarily 

on the energy separation between the states involved in the spin change.  

 The dependence of electrophilicity and,spin-philicity/spin-donicity on the singlet-

triplet energy separation suggests a possible correlation between these indices. As can be 

seen from Figure 4, a reasonable correlation if found if these two quantities are plotted 

against each-other.  This correlation suggests that the “need” for electrons, as probed by 

the electrophilicity concept, is accompanied by an increasing tendency for spin 

polarization.  This can be explained as follows.  When the divalent compound possesses a 

low electrophilicity, this suggests a considerable population of the empty 3p (in the case 

of the silylenes) or 4p (in the case of the germylenes) atomic orbitals on the divalent 

atom, since these are preferentially used in the interaction with a nucleophile.  As a result, 

this orbital is less accessible for use in the spin polarization process, transferring one of 

the two paired electrons in the sp2 hybridized divalent atom to the empty p orbital, 

resulting in two electrons with parallel spins, one in the sp2 orbital and one in the 

previously empty p orbital.  This also explains the fact why molecules without π-electron 

donating substituents have a large spin-philicity, as the possibility to perform a spin 

polarization from a singlet to a triplet state is indeed coupled with the availability of the 

“empty” 3p or 4p atomic orbital.  It would be tempting to see if this connection between 

spin-philicity and electrophilicity can be extended to correlations with structural 

parameters as well as to Lewis acidity and basicity. 
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4. Conclusions 

We have compared the available spin-philicity, spin-donicity, electrophilicity 

values for a large set of Group 14 and 15 di- and monovalent molecules. The changes of 

the electrophilicity index with singlet-triplet gap indicate that the electrophilicity of 

singlet nitrenes, silylenes and germylenes decreases with increasing singlet-triplet gap of 

the molecule. In the case of π-electron donating substituents, this is strongly related to the 

fact that those molecules possess stable singlet ground state with respect to the triplet 

state. Another consequence of the presence of π-electron donating substituents in the 

molecule is the decrease of the spin-philicity index. The connection between the spin-

philicity and electrophilicity indices is readily proved by the observed correlation 

between them. A remarkable observation is made that the correlation between the spin-

philicity and spin-donicity indices and the singlet-triplet energy gap of the molecule does 

not depend on the type of systems considered. In this sense these indices do bear a more 

universal character, their value being less sensitive to the nature of the substituents on the 

divalent atom.   
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Figure Captions 

 

Figure 1. Electrophilicity ω vs. the adiabatic singlet-triplet ∆Es-t gap for silylenes (♦), 

germylenes (-) and nitrenes (▲), phosphinidenes (*). 

Figure 2. Interaction energy of Lewis acid-base complex formation between silylenes 

and BH3. Unstable Lewis acid-base complexes are indicated as ∆Eint = 0.   

Figure 3. Spin-philicity Sω+  and spin-donicity Sω−  vs. the adiabatic singlet-triplet gap 

∆Es-t for carbenes (+), silylenes (♦ ), germylenes (-), nitrenes (▲), 

phosphinidenes (*) and molecules in [9] ( ). 

Figure 4. Spin-philicity Sω+  vs. electrophilicity ω for silylenes (♦) and germylenes (-). 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Abstract

Isodesmic reaction energies and dimerization energies were calculated for several silylenes using B3LYP/6-31G(D) and MP2/6-

311�/G(2D) quantum chemical methods. Two different dimerization routes, the disilene formation and the four-membered bridge

structure, were considered. The dimerization energy for disilene formation correlates excellently with the stabilization energy and the

singlet�/triplet energy separation of the silylenes. No correlation, however, has been found between the dimerization energy of the

bridged dimer formation and the isodesmic reaction energy or the singlet�/triplet energy separation of silylenes.

# 2003 Elsevier B.V. All rights reserved.
Keywords: Dimerization; Silylenes; Isodesmic reaction energy
1. Introduction

Silylenes are frequent intermediates in thermal and

photochemical reactions. Their existence was first pro-

posed as transient molecules in organometallic chemis-

try and later they were observed in matrix at low

temperature and still later in the 1990s as stable species.

The first ‘‘bottleable’’ silylene 1a (Scheme 1) was

synthesized in 1994 by Denk et al. [1]. Subsequently

2a, the saturated form of 1a, was also isolated [2]. The

first stable alkyl-silylene 3a was synthesized by Kira et

al. [3] in 1999.

In 1990s, much effort was made to identify the main

factors of the stabilization of divalent silicon species.

The most important factor in the stabilization of singlet

silylene is the p-electron donation from the substituent

to the formally empty p-orbital of silicon [4]. This effect

is the largest if the substituent is in a-position to the

divalent center. On the other hand, triplet silylenes can

be stabilized by electropositive substituents such as Li

[4a] or Na [4b]. The stabilizing effect of alkyl groups is

small, but it can be modified by other groups in b-

position. The existence of 3a is the clearest example for

the stabilizing effect of b-silyl groups. The same effect

was found in the case of carbenes; Gordon’s theoretical

calculations indicate that b-silyl groups stabilize singlet

carbenes to a large extent [5].

A second important factor of stability is the possible

aromaticity. On the basis of electron density analysis,

isodesmic reaction energies and bond lengths, Apeloig

and coworkers [6] showed that aromaticity is important

in the stabilization of molecules. The aromaticity of 1a is

about 60% of that of benzene. The analysis of NICS(2)

indices of 1, 2, benzene and thiophene resulted in the

same conclusion [7]. Electron density analysis of 1, 2 and

their benzo-condensed analogues revealed that though

the overall electron density does not differ considerably

in the saturated and unsaturated compounds, there is a

large difference in the charge distribution of the s- and

p-system which can be interpreted by the �/I and �/M

effects [8]. Boehme and Frenking [9] also confirmed

these findings. According to them, the p-electron density

in the pp-orbital of the divalent Si is 0.54 in the

unsaturated 1, while in the saturated 2 it is only 0.33.

Aromaticity is an important factor in the stabilization of

silylenes, but it is not essential, as it is proved by the

existence of 2a and 3a. The same fact was concluded

from the isodesmic reaction energies of silaimidazol-2-

ylidene and its isomeric silene and silane forms. The

isodesmic reaction energies clearly indicated that silenes

are the most aromatic compounds while silylenes are

only moderately aromatic [10]. In the case of cyclic
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compounds, ring stress is an important destabilizing

factor. Systematic analysis of the ring stress led to the

design of 6 [11] which was predicted to be as stable as 1.

Although in this molecule there is only one nitrogen

atom next to the silyl center, the 6p-electrons allow

cyclic delocalization and thanks to the six-membered

ring the ring stress is minimized. Further kinetic

stabilization can be expected using bulky groups which

prevent the divalent species from dimerization, e.g. as it

is in bis(diisopropyl-amino)silylene (4) [12].

The knowledge of the main factors of stability gives

some opportunity for a systematic design and finally it

may give hints for the synthesis of hitherto unknown

divalent species.

Such process has been proposed in our previous work

for carbenes [13]. Our results clearly indicate that in case

of (sterically not hindered) carbenes there is an excellent

linear correlation between the electronic effects stabiliz-

ing the carbenes and the dimerization energies. As a

consequence, with the computation of a simple isodes-

mic reaction, one can predict the stability of an

unknown carbene.

This motivated us to investigate the same relationship

for silylenes. However, we shall prepare for some

complications. While the dimerization product of car-

benes is always a stable olefin, silylene dimers are

usually as unstable as the monomer is. Furthermore,

Trinquier [14] and Apeloig et al. [15] have suggested that

for silylenes at least two different dimerization routes

exist. In Fig. 1, Path 1 shows the ‘‘classical’’ way: the

lone pair of the first molecule overlaps with the empty p-

orbital of the other molecule forming a disilene. The

product has a trans -bent geometry if the sum of the

singlet�/triplet separation of the parent silylene is larger

than half of the total bond energy of the Si�/Si double

bond [16].

In Path 2, the lone pair orbital of the substituent of a

silylene interacts with an empty Si(3p) orbital of the

other silylene forming a bridged structure. The bridged

species are best described as donor�/acceptor complexes

[15a]. Since the dimerization process in both ways is

barrierless and exothermic, the same correlation is

expected as was found in case of carbenes. Obviously,

some other complications are also possible, e.g. the two

dimerization channels can compete with each other.
This was experimentally observed by Takahashi et al.

[17] who have pointed out that the dimerization process

of silylenes might strongly depend on the temperature.

At lower temperature, 4 dimerizes to disilene while at

room temperature the bridged dimer is formed. New

dimerization routes can also exist, e.g. in case of 2a,

where both paths are blocked [18]. Due to the large size

of the t -butyl groups on 2a, the molecules cannot
approach to the appropriate Si�/N distance and orienta-

tion without encountering severe steric repulsion. There-

fore, the bridged isomer cannot be formed. Thus, first

an insertion of the first silylene into the Si�/N bond of

the second molecule takes place leading to a new

silylene. This new silylene is already able to dimerize

to form a Si�/Si double bond.

2. Calculations

Quantum chemical calculations were performed with

the Gaussian 98 program package [19] at the B3LYP

and MP2 levels of theory using the 6-31G(D) and 6-

311�/G(2D) basis sets. The nature of the stationary

points were further checked with second derivative

calculations to prove that the optimized geometries

were real minima on the potential energy surface. Gibbs
free energies were calculated using the ideal gas, rigid

rotor and harmonic oscillator approximation. UHF and

UMP2 methods were used for studying the triplet states.

The spin contamination was carefully checked and it

was found that the S2 value was always around 2. As a

consequence, contamination of higher spin states is

negligible for these states.

3. Results and discussion

The stabilization energy of silylenes has been calcu-

lated using the following isodesmic reaction:

Scheme 1.

Fig. 1. Dimerization routes of silylenes.
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RR?Si:�SiH40 H2SiRR?�H2Si: (1)

The calculated B3LYP/6-31G(D) results are summar-

ized in Table 1. The table also contains the MP2/6-311�/

G(2D) results in parentheses. As expected, among the

monosubstituted derivatives the largest stabilization is

found by the R�/NH2 and SH groups. Disubstitution

increases the stabilization. The effect of the second

substituent is larger for OH, F and Cl and smaller for

NH2 and SH than that of the first one. The results

suggest that the main stabilization effect is the satura-

tion of the empty p-orbital of silicon which may reach a
maximum value. Similar trend was observed for car-

benes [13].

Compounds 1�/3 which proved experimentally to be

stable have much larger stabilization energy than all the

other compounds. The only exception is 3b, which may

indicate that SiMe3 groups stabilize silylene much more

effectively than silyl groups and this stabilization is not

only due to the large steric requirements of the SiMe3

groups.

The saturation effect is not observed in the singlet�/

triplet energy differences (DEs� t). This quantity, how-

ever, strongly depends on the calculational method. As

it was stated earlier, precise, highly sophisticated MRCI

calculations with large basis sets and relativistic correc-

tions are necessary to correctly predict the experimental

DEs� t [20]. Therefore, the absolute values of our

calculated DEs� t are probably not precise but as the

main sources of the error do not change significantly

with the substitution [21], we can assume that the trends

of our results are correct. From the data it is obvious

that the isodesmic reaction energies and DEs� t values are

interrelated. It is interesting that 1b which is more stable

thanks to its aromaticity than 2b has a smaller DEs� t

than 2b at both levels of theory.

In Fig. 2, the energy of the isodesmic reaction (1) is

plotted against the silylene dimerization energy and

dimerization Gibbs free energy (Path 1). The two curves

run parallel. Due to the entropy factor the Gibbs free

energies are larger than the dimerization energies. The

correlation is somewhat worse than in the case of

carbenes [13].

Three different regions can be separated in the plot.

The first region consists of silylenes with triplet ground

Table 1

Isodesmic reaction energies (DEi), dimerization energies (DEdim), Gibbs free energies and singlet�/triplet energy differences (DEs � t)
a

DEI DEs � t DEdim disilene DGdim disilene DEdim bridged

HSiH 0.0 (0.0) 20.1 (14.3) �/61.2 (�/64.8) �/47.7 b

HSiLi �/16.9 (�/15.2) �/23.8 (�/28.5) �/115.0 (�/122.0) �/103.8 b

HSiBeH �/1.1 (�/0.4) �/0.003 (�/4.5) �/83.1 (�/88.9) �/68.8 b

HSiCH3 0.9 (0.2) 22.3 (17.5) �/57.5 (�/62.8) �/42.5 b

HsiNH2 23.1 (20.9) 41.0 (37.3) �/20.3 (�/23.0) �/8.9 �/29.8 (�/32.9)

HsiOH c 15.8 (14.2) 39.9 (35.0) �/28.6 (�/30.2) �/16.5 �/24.7 (�/24.6)

HSiF 9.6 (8.6) 39.1 (33.0) �/36.4 (�/35.1) �/22.6 �/21.2 (�/14.9)

HSiNa 2.6 (1.6) �/3.8 (�/11.6) �/85.3 (�/101.3) �/71.1 b

HSiMgH 0.8 (0.8) �/0.7 (�/6.7) �/81.8 (�/91.4) �/68.1 b

HSiAlH2 3.7 (3.3) 3.9 (�/1.2) �/75.5 (�/84.5) �/60.7 b

HSiSiH3 1.6 (1.1) 13.5 (8.1) �/66.4 (�/74.7) �/51.0 b

HSiPH2 10.7 (9.1) 22.4 (18.4) �/44.1 (�/52.6) �/31.2 �/41.4 (�/50.9)

HSiSH c 20.2 (19.0) 35.6 (32.0) �/24.0 (�/29.0) �/12.5 �/15.4 (�/25.2)

HSiCl 12.0 (10.5) 33.7 (29.2) �/35.4 (�/39.6) �/22.0 �/12.6 (�/18.8)

Si(NH2)2 31.0 (28.9) 55.6 (54.1) d d �/13.7 (�/16.6)

Si(OH)2
c 29.5 (28.6) 65.5 (62.6) d d �/12.8 (�/11.0)

Si(SH)2
c 29.7 (28.8) 43.1 (42.4) �/6.5 (�/13.4) 2.0 �/1.4 (�/11.1)

SiF2 24.7 (23.5) 75.6 (67.9) �/6.56 (�/1.6) 5.0 �/11.1 (�/2.8)

SiCl2 25.5 (23.1) 53.0 (49.7) �/10.3 (�/14.2) 1.4 �/1.1 (�/7.6)

H2NSiOH c 29.5 (28.7) 60.1 (58.3) �/0.6 (1.5) 8.8 �/19.4 (�/21.6)

H2NSiSH c 31.5 (29.9) 50.1 (48.9) �/2.5 (�/5.7) 7.8 �/20.6 (�/25.5)

HOSiSH c 27.3 (25.8) 51.3 (49.1) �/7.2 (�/9.9) 3.8 �/13.9 (�/14.8)

1b 51.47 59.3 (67.0) d d d

2b 38.86 75.5 (71.1) �/1.8 8.9 �/14.3

3b 13.31 32.4 �/29.9 �/8.3 e b

5 46.36 56.5 (64.5) d d 12.2

6 35.84 60.3 (61.4) �/3.9 6.8 22.2

a At the B3LYP/6-31G(D) and MP2/6-311�/G(2D) (in parentheses) level of theory. Data in kcal mol�1.
b Bridged dimer was not considered.
c Data for the lowest energy conformer*/HSiOH, HSiSH, H2NSiOH, H2NSiSH: trans -isomer; Si(OH)2: cis �/trans -isomer; Si(SH)2: trans �/trans -

isomer; HOSiSH: the OH group in cis - and the SH group is in trans -position.
d No dimer was found.
e At the B3LYP/3-21G(D) level.
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state (DEiB/4 kcal mol�1). These compounds have an

isodesmic energy close to zero (except for Li, where

DEi�/�/16.9 kcal mol�1). In the following region

between DEi�/4 and 35 kcal mol�1, the dimerization

energy (and the dimerization Gibbs free energy) changes

linearly with the isodesmic reaction energy. The correla-

tion coefficient calculated for this region is R2�/0.97 for

both the dimerization energy and the dimerization

Gibbs free energy (MP2: R2�/0.91). The third region

of the diagram above DEi�/35 kcal mol�1 consists of

the highly stable silylenes. In this part, the curve is

getting flat; the dimerization energy is close to zero while

the dimerization Gibbs free energy is positive, i.e. the

dimerization process is thermodynamically not allowed.

We could not find doubly bonded isomers in case of 1b

and 5.

The singlet�/triplet energy separation correlates well

with the dimerization energy (see Fig. 3). The correla-

tion is somewhat better for the MP2 results (R2�/0.99)

than for the B3LYP data (R2�/0.98), and better than

that found between the isodesmic reaction energy and

the dimerization energy. Also, in this case the highly

stable silylenes make the curve flat (we omitted these

points from the correlation). Silylenes with triplet

ground state lie, however, on the line as this correlation

takes the ground state of the molecules into considera-

tion. Similar observation was reported by Karni and

Apeloig [22].

As it was mentioned, Apeloig suggested that bridged

dimers could be formed in the case of substituents

having lone pairs. (Note that several bridged structures

can be found on the potential surfaces of H- [23], Li-,

Na-, MgH- and AlH2-substituted dimers, but we

excluded them from the recent discussion, since they

are highly unstable and their electronic structure is

essentially different from that of the investigated poten-

tially stable molecules.) In this work, we considered

bridged dimers of NH2, OH, F, PH2, SH and Cl mono-

and disubstituted silylenes. Besides the homodisubsti-

tuted silylenes, we examined some heterodisubstituted

species: RR?Si where R, R?�/NH2, OH, SH. From these

several dimers can be formed which are all real minima

on PES (see Table 2). As expected, the (m-NH2)2-bridged

dimers are the lowest in energy and the (m-SH)2-bridged

are the highest. The stability of bridged dimers strongly

depends on the bridging substituent and on its ability of

donating a lone pair to the silicon. This explains why the

dimerization energy of the monosubstituted silylenes

Fig. 2. Isodesmic reaction energy vs. the dimerization energy (") and Gibbs free energy (', dashed line) at the B3LYP/6-31G(D) level (Path 1).

Fig. 3. Singlet�/triplet energy separation vs. the dimerization energy at the B3LYP/6-31G(D) level (Path 1).
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increases in the FB/ClB/OHB/SHB/NH2 order (see the

dotted line in Fig. 4). The PH2 groups behave somewhat

differently. The large dimerization energy and the

relatively low stabilization energy are due to the fact

that in HSiPH2 the phosphorus is almost planar due to

the interactions between the PH2 lone pair and the SiH

empty orbital. As a consequence, some energy must be

surmounted to reach this conformation.

For the disubstituted silylenes the trend between

stability and the dimerization energy changes in a

similar fashion: with the increasing stability of silylene

the stability of disilene decreases. However, there is no

linear relationship between the two values. Although for

R�/NH2, OH and R?�/H Apeloig and Müller [15a]

suggested that the reaction is barrierless and concerted,

our results indicate that the mechanism of the bridged

dimer formation may not be a simple one-step reaction

for all the cases. Also, in the case of bulky substituents a

barrier might exist along the reaction path, which may

change the linear correlation between the stability of

silylene and its dimer. The same is true for the singlet�/

triplet energy separation and the dimerization energy of

bridged dimers (Fig. 5). Although we can observe a

tendency of the smaller dimerization energies with

increasing DEs� t, the correlation is far from linear.

4. Conclusion

The relationship between stability and resistance

against the dimerization reaction of silylenes was studied

with theoretical methods. It was found using B3LYP

and MP2 quantum chemical calculations that for

silylenes with singlet ground state a linear correlation

exists between the isodesmic reaction energies and

dimerization energies in the 4B/DEiB/35 kcal mol�1

region. The slightly worse correlation between the two

values compared to the respective carbenes is due to the

reduced stability of the Si�/Si dimers. On both ends of

the linearity region some deviation from linearity has

been found. The singlet�/triplet energy differences also

correlate well with the dimerization energies, but in the

case of the highly stable silylenes (DEs� t�/60 kcal

mol�1) the curves become flat. The results suggest

that both the isodesmic reaction energy and the

singlet�/triplet energy separation can be used to predict

the chemical stability of silylenes. No correlation,

however, has been found between the dimerization

energy of the bridged dimer formation and the isodesmic

reaction energy or the singlet�/triplet energy separation

of silylenes.
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Table 2

Dimerization energies of heterodisubstituted silylenes (kcal mol�1)

Silylene/bridging groups DEdim bridged

H2NsiOH

(m-OH)(m-NH2) �/13.1 (�/13.6)

(m-OH)2 �/8.2 (�/6.8)

H2NsiSH

(m-SH)(m-NH2) �/7.1 (�/13.8)

(m-SH)2
a �/ (�/1.5)

HOSiSH

(m-OH)(m-SH) �/8.7 (�/13.6)

(m-SH)2 �/1.6 (�/9.0)

a No bridged species was found at the B3LYP/6-31G(D) level.

Fig. 4. Relationship between the isodesmic reaction (1) and the dimerization energy at the B3LYP/6-31G(D) level (Path 2).
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